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ABSTRACT 
In the last years, the scientific community increased the effort to find new biomaterials 
that could substitute some of the petrochemical products largely used today. Also, in 
order to limit the deterioration of the environmental conditions it is fundamental to 
decrease the using of organic non sustainable substances and find new biocompatible 
solutions. A new frontier for a “greener” future is outlined by biodegradable polymers: 
polysaccharides (alginate, xanthan, carrageenan, cellulose, chitin, curdlan, gellan, pectin, 
pullulan, starch), proteins (collagen, gelatin, whey and soy proteins, zein) and aliphatic 
polyesters (poly(lactic acid), poly(hydroxybutyrate)). The majority of such biopolymers 
can find application in the food packaging market since they combine a total 
sustainability with relevant mechanical and barrier properties. However, one of the most 
fascinating biopolymer is cellulose, because with chemical and mechanical treatments is 
possible to obtain a new variety of nano-celluloses. In this regard cellulose nanofibers 
(CNF) represent an attractive building block for new “green” functional materials, 
showing the potential to a practical use in different applications.  
The present thesis focuses on the design and characterization of bio-
nanocomposite membranes based on CNF, evaluating the effects of graphene oxide (GO) and 
calcium ions on the rheological properties of aqueous dispersions and the mechanical 
properties of cast films. Moreover, the effects of GO and calcium ions on the water and 
ethanol vapor permeability of such CNF-GO membranes is also investigated.  
The work was carried out during the internship at the Materials Chemistry 
Division of the Department of Materials and Environmental Chemistry, Stockholm 
University, from June 2013 to February 2014.  
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INTRODUCTION 
In Sweden 66% of the whole land area is covered by forest and together with mines, wood is 
one of the most abundant resources that this country exploits, resulting in a huge benefit for 
its economy. 
However, the rapid rising of IT sector, concurrently with the quick developing of countries as 
India, China and Brazil led the Swedish paper industry look for new solutions in order to 
maintain its competitiveness. The birth of new technologies as smartphones and tablets is 
rendering superfluous other information system as for example the traditional and daily 
“newspaper”. In the meanwhile, many other competitors from Asia and Latin America are 
reducing the business of the paper Swedish industry in the remaining part of the market.  
Therefore, Sweden is focusing its attention and efforts on researching new ways to take 
advantage of its enormous forests. In the last years a considerable amount of investments are 
concentrated on developing new high-value materials coming from exploiting of woods.  
This is the reason for which the Wallenberg Wood Center has born, together with many 
research projects in the main Swedish universities: Stockholm University, Chalmers 
University and KTH Royal Institute of Technology.  
One material in particular seems to be a good investment for the current researching activity: 
nanocelluloses obtained from mechanical and chemical treatments of cellulosic materials. 
According to SciFinder the number of publications released yearly about nanocellulose 
materials is increasing tremendously (17).   
Especially cellulose nanofibers (CNF) show impressive properties (2) and they can be used as 
reinforcement in nanocomposites or to make transparent bio-membranes, finding applications 
in the packaging, medical transport and electronic fields (1). Their “sustainable image” is due, 
for instance, to the possibility to incinerate the material in the end of its lifetime with a 
negligible load of CO2 in the atmosphere if compared to the quantity of CO2 taking up by the 
plant during its life (91).  
Recently, higher is the effort to increase the strength and gas/water impermeability of CNF 
membranes, through the design of new bio-nanocomposite hybrids containing nanocellulose 
fibers and inorganic fillers (76, 49, 45, 92). A part of the current study (Chapters 3 and 4) wants to 
evaluate the effects of graphene oxide and possible crosslinkers on the properties of the final 
dried membrane, but also the initial suspensions are characterized (Chapter 2) in order to 
better understand the behavior of the CNF fibers into an aqueous medium.  
1 
 
All the experimental results discussed in the following sections are accompanied by 
prediction models and compared with other data available in the literature, in order to give 
also qualitative interpretations about the features of such materials.  Importantly it is also 
presented an attempt for anew modelling approach of the elastic modulus of a neat CNF 
membrane considering it as a “fabric” made by nanofibrillated cellulose fibers: this could help 
to understand the factors that influence the mechanical behavior of the film. The modification 
of such fabric-model is then considered when a nano-filler as graphene oxide is added.  
Furthermore, the rheological analysis of CNF suspension gives information about the 
viscoelasticity and about behavior of the fibers subjected to flow fields. Significantly, the 
viscoelastic estimations normally used for polymer solutions seem to well describe the 
properties of low concentrated CNF suspension and CNF-Calcium gels when they are tested 
through rheological oscillating measurements 
  
2 
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CHAPTER 1 
MATERIALS AND METHODS 
This chapter summarizes the materials and techniques used during the research activity. In 
this way, it is possible to understand the discussions and interpretations coming from the 
experiments and theoretical modelling that will be treated in next chapters.  
 
1.1 Materials  
Essentially three different materials have been used. This classification is based on the role 
assumed by each component for a specific purpose: 
1. Nature-based material: the “nanofibrillated cellulose” (CNF) has been chosen as the 
main bio-material on which concentrate the research effort. Sometimes in the 
scientific literature the name “microfibrillated cellulose” (MFC) is used as synonym 
to CNF. From now just the word “cellulose nanofibrils” (CNF) will be used, in order 
to avoid any misunderstandings;  
2. Cross-linker: the effect of calcium ions and Boric Acid have been studied for a 
possible crosslinking between nanocellulose fibrils; 
3. Nanofiller:  Graphene Oxide (GO) flakes have been used for making CNF/GO 
hybrids. The effect of partially reduced GO (r-GO) sheets has also been investigated. 
Additionally, it has been tested also the effect of a fluorinated layer on the permeability of 
CNF membranes. The fluorination has been realized through the physical vapor deposition 
(PVD) of (Tridecafluoro-1,1,2,2-Tetrahydrooctyl) Trichlorosilane. 
1.1.1 Nanofibrillated Cellulose (CNF)  
Cellulose is the most abundant natural polymer and it has accompanied the human civilization 
across the millennia through its using as energy source, for clothing, building material and for 
the transmission of human culture. However, the role of this material is intended to change: 
not just anymore for a primary use in the common life, but also for making materials with 
high added value. 
In the last years, the science has worked out novel forms of cellulose, from different sources 
and variously named: nanocrystals, whiskers, nanofibrils, nanofibers, crystallites (Fig. 1.1). In 
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particular, the cellulosic materials that show a nanometric dimension are referred to as 
“nanocelluloses”. 
 
 
 
Nanocelluloses may be classified in three main subcategories, depending manly on the 
cellulosic source and on the processing conditions, as shown in Table 1.1 (
4
). 
 
Type of nanocellulose Synonyms Typical sources Formation and average size 
Nanofibrillated Cellulose 
(CNF) 
MFC,  
nanofibrils, 
microfibrils, NFC 
Wood, sugar beet, 
potato tuber, 
hemp, flax 
Delamination of wood pulp by 
mechanical pressure before 
and/or after chemical or 
enzymatic treatment. 
Diameter: 5-60 nm 
Length: several micrometers 
Nanocrystalline cellulose 
(CNC) 
Cellulose 
nanocrystals, 
crystallites, 
whiskers, rod like 
cellulose 
microcrystals 
Wood, cotton, 
hemp, flax, wheat 
straw, mulberry 
bark, ramie, 
Avicel, tunicin, 
cellulose from 
algae and bacteria 
Acid hydrolysis of cellulose 
from many sources. 
Diameter: 5-70 nm 
Length: 100-250 nm (from 
plant celluloses); 100 nm to 
several micrometers (from 
celluloses of tunicate, algae, 
bacteria)  
Bacterial cellulose 
network (BCN) 
Bacterial 
cellulose, 
microbial 
cellulose, 
biocellulose 
Low-molecular-
weight sugars and 
alcohols 
Bacterial synthesis 
Diameter: 20-100 nm; 
different types of nanofiber 
networks 
 Table 1.1: The family of nanocellulose materials. Table taken from (
4
). 
Fig. 1.1: From the cellulose sources to the cellulosemolecules:details of the cellulosic ﬁber 
structure with emphasis on the cellulosemicroﬁbrils. Figure taken from (
3
)  
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The type of nanocellulose used is this study is, as previously mentioned, the Nanofibrillated 
Cellulose (CNF), which is normally produced from wood by the high-pressure 
homogenization of pulp suspensions. To promote the delamination of the fiber walls, charged 
groups such as carboxymethylated groups, are introduced into the pulp. In this way, through 
carboxymethylation, the fibers are negative surface charged and the electrostatic repulsion 
makes the delamination process more efficient (less energy consumption in the 
homogenization passes). Through many delamination passes in the homogenization 
equipment, that applied high shear stresses to the pulp, it is possible to obtain CNF with 
gellike characteristics. Another positive aspect of a carboxymethylated CNF is the drastic 
decrease in fiber-fiber interaction and therefore, the inferior propensity to flocculate in a water 
suspension.  
Carboxymethylated transparent CNF-water suspensions were provided by Innventia Group 
with a concentration of         . 
A single fiber is a sequence of crystalline and semi-crystalline regions, made by cellulose 
chains where the repeat unit is comprised of two anhydroglucose rings linked together 
through an oxygen (Fig. 1.2) (
5
).  
 
 
The cellulose chains can order themselves in different crystalline polymorphs: crystalline 
cellulose I, II, III and IV. Cellulose I has two polymorphs, a triclinic structure (I) and a 
monoclinic structure (I), which coexist in various proportions depending on the cellulose 
source. The polymorph predominant in the woods cellulose is the Iand therefore is the 
crystalline form present in the nanofibrils used in this study. 
 
1.1.2 Cross-linkers 
Previous studies showed that negatively charged polysaccharides, as alginate, are able to gel 
in the presence of Ca
2+
 (
6
). Moreover, also boric acid has been proved to have a role in the 
Fig 1.2: Schematics of a single cellulose chain repeat unit. Figure taken from (
5
). 
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cross-linking of polysaccharide guaran (
7
). The Ca
2+
 has been added in the form of CaCl2 and 
in all the graphs and pictures of next chapters the expression “% Calcium Ions” is referred to 
the wt% of CaCl2 in respect to the CNF mass contained in the suspension.  
The effects of these two substances were investigated as possible cross-linkers between 
carboxymethylated CNF fibers.  
 
1.1.3 Nanofiller 
Nanofillers are normally used to make composite materials for two reasons: 
1. a small amount of nanofiller can considerably improve the global mechanical 
properties; 
2. the great surface area brought by nanoparticles can turn out in huge benefits also for 
the impermeability of the composite, decreasing the diffusivity of molecules such as 
Oxygen, Water or Organic Compounds (as Ethanol) through the material (
8,9
). 
In this study it has been used Graphene Oxide (GO), in form of nanosheets produced from 
natural graphite and obtained as exfoliated powder from JCnano Inc., Nanjing, China. Also 
the effects of partially reduced GO have been tested on the membrane barrier properties. In 
the following, the nomenclature “r-GO1min”, “r-GO5min”, “r-GO10min” corresponds to different 
(crescent) degrees of GO reduction. Therefore “r-GO10min” means that this graphene oxide is 
more reduced than “r-GO5min” and so on. The nomenclature “% GO” will be referred as the 
wt% of the CNF mass. Higher is the level of reduction worse is the quality of the suspensions, 
with the presence of evident agglomerates. Graphite oxide is a layered material consisting of 
hydrophilic oxygenated graphene sheets bearing ketone, epoxy, hydroxyl and carboxyl 
functional groups on their basal planes and edges (Fig. 1.3) (
10
).  
Reduced GO sheets are produced via the reduction of GO through different techniques.  
 
 
 
 
 
 
A single flake has many carbon atoms densely packed in a regular sp
2
 – bonded atomic scale 
hexagonal pattern. Graphene is a one-atom thick layer of graphite, which provides excellent 
              
(a) (b) 
Fig 1.3: Graphene oxide (a) and reduced graphene oxide (b) single layer. Figure taken from (
11
). 
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mechanical and electronic properties. However the quality of these properties decreases with 
the ratio of oxidation and exfoliation process, necessary to produce GO flakes, as more 
defects are introduced in the structure. Moreover, these abundant defects, that can degrade for 
instance the electrical conductivity and mechanical stiffness, still exist after reduction 
(necessary to produce Reduced-GO and Graphene) and particular techniques are required to 
repair the edge defects and holes (
12
). 
Graphene, Highly Reduced Graphene Oxide and especially Graphene Oxide can be dispersed 
in aqueous and organic media. This characteristic is crucial for making a good and 
environmentally friendly composite material, since both CNF and graphene-based nanosheets 
can be well dispersed in water. 
In this sense it is essential to make a “good” suspension, where the word “good” means 
minimize the presence of clusters, agglomerates and in-homogeneities. Being able to control 
the properties of the suspension leads to a low variability of the characteristics of the final 
dried composite membrane. Therefore, it is important not only to characterize the film but 
also the starting suspension, using the appropriate investigation techniques.     
 
1.2 Methods 
In this section will be described how suspensions and dried hybrids have been prepared, 
putting particular attention on the operative details. Moreover, also the techniques used for the 
different characterizations will be illustrated. 
 
1.2.1 Suspension preparation 
As it has been mentioned above, the goal is to obtain a good suspension, in which all the 
components are well dispersed, preventing any kind of phenomena that can negatively affect 
the properties of the final solid composite. Then, in agreement with this purpose is desirable 
to work with diluted suspensions in order to avoid the formation of agglomerates 
(nanomaterials could tend to form clusters). Furthermore it is fundamental to promote the 
uniform distribution of all the components in the total volume through an adequate mixing of 
the dispersions. 
Different mixing techniques were tested, and each of them is characterize by a definite 
amount of energy put into the suspension (or by different intensities of shear stress applied): 
  Chapter 1 
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 Vortex mixer: is a simple device used often in bioscience laboratories to mix small 
vials of liquid. This mixer induces a vortex inside the liquid, through a high frequency 
oscillation motion of the support that grabs the sample (Fig. 1.4). 
 
 
 
 
 
 
 
 
 
 
 Rolling mixer: the vial is put inside a cylindrical tube that rolls around its main axis, 
providing a gentle mixing (          . 
 Shaking mixer: similar to the vortex mixer but in this case no vortex is induced in the 
liquid. 
 “Turrax” mixer: uses the rotor-stator principle (Fig. 1.5).  
 
 
 
 
 
 
 
 
 
 
 
 
The system consists of a rotor within a stationary stator. Due to the high 
circumferential speed, the medium to be processed is drawn axially into the dispersion 
 
 
Fig 1.4: Vortex mixer (left) and the induced vortex (right) Picture taken from 
http://www.pocdscientific.com.au. 
Fig 1.5: “Turrax” mixer (left), head (center) and stator-rotor principle (right). 
Picture taken from http://www.coleparmer.com 
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head and then forced radially through the slots in the rotor-stator arrangement. The 
high speed and the minimal gap between rotor and stator produces extremely strong 
shear forces and collisions that disperse the material suspended in a media. The 
maximum speed is about          . 
After the mixing, all the suspensions were degased with a “water pump” in order to limit the 
presence of gas bubbles inside the suspension. The vacuum was applied until no more bubbles 
have been seen in the samples.  This procedure, first mixing and then vacuum, was applied to 
all the suspensions before any kind of investigation and before making the films. 
The techniques that have been used to characterize the suspensions are:  
 Rheological analysis; 
 Dynamic Light Scattering; 
 UV-VIS spectroscopy. 
 
1.2.2 Film Preparation 
To prepare the films the suspensions were poured into Petri dishes and left to dry in a 
chamber at      and     of relative humidity (where Relative humidity is defined as the 
ratio of the partial pressure of water vapor in an air-water mixture, to the saturated vapor 
pressure of water at a given temperature).  
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One important parameter that characterize a dried film is the “grammage”, defines as:  
Fig 1.6: Drying time for a film with grammage 12g/m
2
. 
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 (1.1) 
Where  is the mass (in      ) and   is the area (in             ) of the film.  
To reach a certain film grammage it is necessary to calculate how much suspension is needed. 
For example, the volume of CNF suspension (with a concentration of              ) 
necessary to obtain a      ⁄  circular film of radius         is            . This 
value can be easily calculated through: 
     
   
    
 (1.2) 
Normally, to obtain a dried      ⁄  film are necessary 40 hours in the conditions of 
humidity and temperature previously mentioned (Fig. 1.6).   
The films are approximately      thick and transparent; the addition of GO gives a light 
brown color to the membranes (Fig. 1.7). 
 
 
 
 
 
 
 
The tests and methods used to characterize the films have been: 
 Mechanical tensile test;  
 WVTR test (ASTM e96-80); 
 Raman spectroscopy; 
 Scanning electron microscope (SEM). 
 
1.2.3 Rheological Analysis 
The rheological analysis is a common technique used to investigate the properties of a 
viscoelastic liquid.  Rheology can be defined as the study of the “flow” and deformation of 
materials: the term flow means that elements of the liquid are deforming, and adjacent points 
in the liquid are moving relative to one another. 
 
 
Fig 1.7: CNF membranes with increasing content (left towards right) in GO. 
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1.2.3.1 Dynamic Shear Viscosity  
There are two kind of flows: shear and extensional flows (Fig. 1.8).  
In shear flows liquid elements flow over or past each other, while in extensional flow, 
adjacent elements flow towards or away from each another. 
 
 
 
 
 
 
 
 
 
 
One of the most important variables that can be measured with a rheometer is “viscosity”. The 
viscosity can be defined as the resistance that a fluid opposes to the deformation applied to it, 
so it is a measure of the resistance of a liquid to flow.  
In this study the shear viscosity is analyzed (not the extensional one), that is the viscosity that 
results from a shear deformation. 
 
 
 
 
 
 
 
 
 
 
 
 
The dynamic (shear) viscosity can be defined through the idealized situation known as 
a Couette flow (laminar flow), where a layer of fluid is trapped between two horizontal plates, 
 
Fig 1.8: Shear flow (up) and extensional flow (down. Picture taken from (
13
). 
 
u 
Fig 1.9: Shear flow: when a shear stress try to deform the system the friction (viscosity) 
between different layers of fluid causes a velocity gradient. 
y 
τ 
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one fixed and one moving horizontally at constant speed u (Fig. 1.9). Each layer of fluid will 
move faster than the one just below it, and friction between them will give rise to 
a force resisting their relative motion. The velocity u of the upper layer results as consequence 
of an applied force F. The magnitude of F is proportional to the speed u and area A of each 
plate, and inversely proportional to their separation y: 
    
 
 
 (1.3) 
The proportionality factor   in the formula is the dynamic viscosity of the fluid, measured in 
[    ]. Instead of using the above (1.3) it is better to use: 
   
  
  
 (1.4) 
Where     ⁄  is the shear stress and      ⁄  is the local shear velocity, called also shear 
rate  ̇, defined as: 
 ̇  
  
  
 (1.5) 
Therefore (1.4) becomes: 
    ̇ (1.6) 
Therefore   is measured in [  ] and  ̇ in [  ⁄ ].  This formula assumes that the flow is 
moving along parallel lines and the y axis (see Fig. 1.9), perpendicular to the flow, points in 
the direction of maximum shear velocity.  
In Eq. (1.6) the viscosity can be constant or not, during the application of a shear stress: if 
        the fluid is called “Newtonian”, if not it is called “non-Newtonian”. 
Of course the non-Newtonian behavior is more common and usually is the case for structured 
liquids such as polymer solutions and suspensions where the viscosity decreases with 
increasing shear rate, such liquids undergo “shear thinning”. Occasionally, situations arise 
where the opposite is true, and the viscosity increases with increasing shear rate: these are 
called “shear-thickening” liquids. 
The viscometer used in this study to determine the non-newtonian behaviour is the Coaxial 
Cylinder Rheometer (“Anton Paar” rheometer).  
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The liquid is placed inside the gap existing between two concentric cylinders of radii    
(external radius) and    (internal radius). The inner cylinder is rotated with a set speed: this 
determines the shear rate inside the annulus (gap between the cylinders). The liquid tends to 
drag the exterior cylinder round and the force it exerts on that cylinder (torque) is measured 
and then converted to a shear stress (cross section presented in Fig. 1.10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
If       ⁄  is the ratio between the external and internal radius and M is the measured torque, 
the shear stress is: 
  
    
       
 
 
      
    
 (1.7) 
Where    is an empirical value equal to 1.1 for Newtonian liquids and up to 1.2 for shear 
thinning liquids. 
 
1.2.3.2 Complex Viscosity  
With a rheometer it is possible to investigate many properties of a liquid or suspension and in 
particular the viscoelastic variables. In general, viscoelasticity is a superposition of properties 
characteristic for liquids (viscous dissipative losses) and solids (storage of elastic energy) that 
lead to a delayed development of stresses and deformations in time (
14
). 
 
Fig 1.10: Concentric Cylinder Rheometer  
Fluid  
External cylinder 
Internal cylinder 
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In all the fluids exists a natural resting state of the microstructure, which represents the state 
of minimum energy. When such liquids are deformed, the thermodynamic forces try to restore 
the initial configuration, in the same way that a deformed spring tries to reach its original 
length. The elastic component arises every time the system stored energy: this might be 
potential (as a stretched polymer segment) or entropic energy (as polymer random coil 
deformed from its spherical rest state).  The elastic force manifests itself at small 
deformations as various elastic moduli (such as the storage modulus) and all the liquids show 
an elastic response at a short enough time or high enough frequency. The viscous component 
is not the consequence of a conservative force but comes from dissipative forces. For example 
any kind of entity in movement inside a liquid continue phase or the sliding of polymeric 
chains over one another contribute to dissipates energy. Many studies are focused on the 
linear viscoelasticity: linear viscoelastic materials are those for which there is a linear 
relationship between stress and strain (at any given time). Linear viscoelasticity is a 
reasonable approximation under relatively low stress. The linear viscoelastic behavior is 
described by differential equations, where the coefficients are constant and they represent 
material parameters as the viscosity or the elastic modulus, and they cannot change as the 
stress changes. The equation that describes the linear viscoelastic behavior, for solids and 
liquids, is: 
(    
 
  
   
  
   
     
  
   
)   (     
 
  
   
  
   
     
  
   
)   (1.8) 
The first approach to understand the viscoelastic behavior of a fluid is to model it through a 
sequence of springs and dashpots, where the first ones represent the elastic response and the 
second ones the viscous response. The elastic element attests that the shear stress is directly 
proportional to the shear strain: 
     (1.9) 
Where   is the elastic constant of proportionality (shear elastic modulus). Time does not 
come into this behavior, so that if it is applied a stress   to the unstrained model, the resultant 
strain   appears instantly (if the stress is removed, the strain falls immediately to zero). The 
linear viscous response can be modeled using a dashpot, physically represented with a 
prolonged moving through a very viscous Newtonian liquid: 
    ̇ (1.10) 
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Only the rate of deformation matters, and for an applied stress  , the dashpot immediately 
starts to deform and goes on deforming at a constant deformation rate  ̇ without any change 
with time until the stress is removed, and then the deformation stops immediately. From the 
combination of different parallels and series connections it is possible to obtain different 
viscoelastic models (Fig. 1.11). The simplest way to represent a viscoelastic liquid is the 
Maxwell combination: a spring and a dashpot connected in series: 
   (
 
 
 
 
 
) (1.11) 
Where   is the time. The Eq. (1.11), at very short times, is characterized by an immediate 
elastic response,      , and at very long times, when    /G, by simple viscous behavior, 
      ⁄ . Here     is called the relaxation time   . 
Another model is the Kelvin-Voigt model that can be obtained from Eq. (1.8) if        :  
        ̇ (1.12) 
 
 
 
 
 
 
 
 
 
 
If a constant tension  ̅ is applied at the instant    , to find the total strain it is necessary to 
solve the above differential equation (1.12) in the variable  : 
 
G 
G 
η 
η 
τ 
τ 
Fig 1.11: Maxwell model (left) and Kelvin-Voigt model (right).  
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The difference between the Hooke´s model, Eq. (1.9), and Kelvin-Voigt´s model is that the 
final deformation in the first case is reached instantly, in the second case there is a delay. 
There are also more complex models, as for example the Burger´s model, made by connecting 
the Kelvin-Voigt´s model in series with the Maxwell´s one.  The Maxwell and Kelvin-Voigt 
models may be expanded to give either multiple Maxwell models, which are usually 
combined in parallel, or else multiple Kelvin-Voigt models, which are usually combined in 
series. To detect the linear viscoelastic behavior of a fluid the “oscillatory testing” is a valid 
technique. For this purpose a Cone and Plate Rheometer (“Anton Paar” rheometer) has been 
used (Fig. 1.12). 
 
 
 
 
 
 
 
 
 
 
 
The mechanism of function for the Cone and Plate rheometer is similar to that one that 
governs the Concentric Cylinder Rheometer: the cone of radius   (expressed in [ ]  rotates 
and the plate measures the torque   (expressed in [   ] , from which the shear stress is 
calculated: 
  
 
    
 
  
    
 (1.14) 
Cone and plate are separated by a gap, d. However, in the oscillating test the cone oscillates 
over the plate: in this way an oscillating stress or strain is applied as an input to the liquid and 
the resulting oscillatory strain or stress is monitored as output.  
 
 
Fig 1.12: Cone and Plate Rheometer´s geometry (left) and the correct amount of sample (right).   
Cone 
Plate 
Fluid 
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If the oscillatory test is performed by applying a sine wave shaped input of either stress or 
strain, through electronic methods is possible to separate the resulting sinusoidal strain or 
stress output into a certain amount of solid-like response and a corresponding amount of 
liquid like response. For an elastic solid the signal is in phase with the input, but for a viscous 
liquid is     out of phase. For a material that has no pure solid or pure liquid like behavior, 
therefore for a viscoelastic fluid, the response is   out of phase, where       ⁄  (Fig. 
1.13). 
 
 
 
 
 
 
 
 
 
 
Normally the viscoelastic parameters are analyzed as function of the angular frequency. Then, 
at short times correspond high frequencies, and long times are related to low frequencies. For 
real materials elastic response dominates for high frequencies (short time), while the viscous 
response dominates for low frequencies (long time). The solid-like component at any 
particular frequency is characterized by the storage modulus, G’, and the liquid-like response 
is described by the complementary loss modulus, G”. The unit of both these moduli is [  ]. 
The values of both these parameters vary with applied angular frequency,      , where f 
is the frequency in hertz [  ] and n is the speed [         ] of the cone in the Cone and 
Plate Rheometer: 
  
 
  
 (1.15) 
From G’ and G” is possible to obtain other parameters as: 
 Dynamic viscosity:         (1.16) 
 Fig 1.13: Schematic stress response to oscillatory strain deformation for an elastic solid, a 
viscous fluid and a viscoelastic material. 
𝜋  ⁄  
𝛿 
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 Loss tangent:            (1.17) 
 Complex modulus:    √        (1.18) 
 Complex viscosity: |  |  [(    (
  
  
)] (1.19) 
 
1.2.4 Dynamic Light Scattering 
The Dynamic Light Scattering (sometimes referred to as Photon Correlation Spectroscopy or 
Quasi-Elastic Light Scattering) is a technique for measuring the size of particles typically in 
the sub micron region. Shining a monochromatic light beam, such as a laser, into a solution 
with spherical particles in Brownian motion causes a Doppler Shift when the light hits the 
moving particle, changing the wavelength of the incoming light.  This change is related to the 
size of the particle. Therefore it is possible the determination of the sphere size distribution 
and describe the particle´s motion in the medium. 
The theory behind this technique is based on two assumptions: 
1. The particles are in Brownian motion (“random walk”). In this situation the 
probability density function associated to the position of the particle going under a 
Brownian movement is: 
  
 (   |     (      
 
    ( 
  
   
  (1.20) 
Where D is the diffusion constant. 
2. The second assumption is that the suspension there are spherical shaped particles with 
a diameter small compared to the molecular dimensions. The Stoke-Einstein equation 
gives the diffusion constant: 
 
           (1.21) 
Where   is the radius of the beads,    is the Boltzmann constant,   the temperature in 
Kelvin degrees and   is the viscosity of the solvent. 
The light scattering analysis gives information about the particle´s position and then it is 
possible to determine the radius of the beads with the formulas (1.20) and (1.21). 
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1.2.5 UV-VIS Spectroscopy  
This method takes advantage of the capability of many molecules to absorb ultraviolet or 
visible light. The UV-VIS spectroscopy is based on the excitation of valence electrons. When 
radiation interacts with matter, a number of processes can occur, including reflection, 
scattering, absorbance, fluorescence/phosphorescence (absorption and reemission), and 
photochemical reaction (absorbance and bond breaking). When light passes through or is 
reflected from a sample, the amount of light absorbed is the difference between the incident 
radiation (Io) and the transmitted radiation (I). The amount of light absorbed is expressed as 
either transmittance or absorbance. The transmittance is expressed as: 
  
 
  
     (1.22) 
And the absorbance is defined as: 
        
 
   
 (1.23) 
UV-visible spectra generally show only a few broad absorbance bands; therefore this 
technique provides a limited amount of qualitative information. Most absorption by organic 
compounds results from the presence of    bonds. A molecular group containing   bonds is 
called cromophore, and in the following Table 1.2 are listed the wavelengths of some 
cromophore´s absorbance peaks: 
Cromophore Formula      (nm) 
Ketone  RR´C=O 271 
Aldehyde RHC=O 293 
Carboxyl RCOOH 204 
Amide RCONH2 208 
Ethylene RCH=CHR 193 
Acetylene RC=CR 173 
Nitrile RC=N <160 
Nitro RNO2 271 
 
The presence of an absorbance band at a particular wavelength often is a good indicator of the 
presence of a chromophore. However the position of the absorbance maximum is also 
function of the molecular environment of the cromophore, the solvent, the pH and the 
temperature. 
 
Table 1.2: Wavelengths of some cromophore´s absorbance peaks. 
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1.2.6 Raman Spectroscopy  
This is a spectroscopic technique based on inelastic scattering of monochromatic light, 
usually from a laser. The Raman spectroscopy is a method of determining modes of molecular 
motions, especially vibrations. The laser light interacts with molecular vibrations, resulting in 
the energy of the laser photons being shifted up or down. The shift in energy gives 
information about the vibrational modes in the system.  The difference between the IR and the 
Raman spectroscopy is that in the first one is analyzed the absorbed radiation, while in second 
case is the Raman scattered radiation to be investigated (Fig. 1.14). 
 
 
 
 
 
 
 
 
The Raman effect comprises a very small fraction, about one in 10
7
 of the incident photons, 
so its detection is difficult. The Rayleigh scattering is an elastic interaction (no kinetic transfer 
of energy between molecule and photon, so the frequency of the scattered photon is more or 
less equal to the one of the incident photon). The Raman scattering is, instead, an inelastic 
interaction with a transfer of energy, so the scattered photon has a different frequency. 
The Raman spectrum is a plot of the intensity of Raman scattered radiation as a function of its 
frequency difference from the incident radiation (expressed in wavenumbers): this difference 
is called the “Raman shift”. 
Classically, the observed intensity of Raman scattering is defined as: 
    (      
   
   
  (1.24) 
Where   is the reduced mass,    is the laser light frequency,    is the frequency of the j
th
 
mode (where the term mode means the kind of molecular vibration),    the displacement and 
  is the polarizability of that mode. Raman spectroscopy is commonly used in chemistry, 
since vibrational information is specific to the chemical bonds and symmetry of molecules. 
Therefore, it provides a fingerprint by which the molecule can be identified. 
Laser  Detector 
Sample 
𝑰𝟎(   𝑰(   
Laser  
Detector 
Sample 
𝟎 
𝟎 - Rayleigh 
𝟎  𝑴 - Raman 
Fig. 1.14: IR Spectroscopy - Absorption (left) and Raman Spectroscopy - Scattering (right). 
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1.2.7 Scanning Electron Microscopy (SEM) 
This kind of microscope uses a collimated electron beam that scans the surface of the sample 
producing better images with high resolution (till    ). 
The electron beam can be produced by different sources and it is focused by one or two 
condenser lenses to a spot about       to     in diameter. The beam is then deflected in the 
x and y axes in order to scan in a grid fashion over a rectangular area the sample surface. 
 
1.2.8 Mechanical tensile test  
The tensile test of thin film concerns to apply an increasing deformation to the sample, 
measuring the main mechanical properties and behavior until the break. The measured 
properties are: 
 Stress at break (resistance): the last stress registered before the breaking of the sample.  
 Elastic modulus (stiffness): it´s the proportional constant between stress and 
deformation in the elastic range.  
 Tensile energy absorption (toughness): total energy absorbed per unit surface of the 
specimen up to the point of rupture; 
 Strain at break (deformability): measures the elongation percentage that sample reach 
before the breaking. 
The tensile test has been conducted at Innventia, thanks to collaboration with the Material 
Chemistry Division of Stockholm University. 
 
1.2.9 WVTR test 
This method tests the water vapor permeability of a membrane. For this purpose it has been 
used a special trap for water vapor, with a particular design (section presented in Fig. 1.15). 
Inside the cup has been put a small quantity of dried silica gel (20 grams) in order to establish 
a gradient of water concentration with the external environment (at      and     of Relative 
Humidity) and attract the water molecules. The Water Vapor Transmission Rate (WVTR) is 
defined as steady water vapor flow in unit time through unit area of a body, normal to specific 
parallel surfaces, under specific conditions of temperature and humidity at each surface: 
 
     
 
   
 (1.25) 
  Chapter 1 
23 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Where m is the mass of water absorbed by the dried silica in the time t (expressed in days) 
and A is the tested area. Therefore, what is measured in weight change is the water absorbed 
by the silica gel, i.e. the water passed through the membrane at the established time and tested 
area. The WVTR is measured in [ (     ⁄ ]. 
 
  
 
Fig. 1.15: Water trap. 
Water vapor 
Membrane 
Rubber rings 
Plastic (PVC) cup 
Dried Silica gel 
Water absorbed by the silica 
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  Chapter 2 
CHAPTER 2 
RHEOLOGICAL PROPERTIES OF CNF 
SUSPENSIONS 
 
The study of CNF suspensions is a complementary and not negligible part in the 
characterization of CNF material, since some of the final membrane properties are related to 
the drying process and to the state of the initial suspension. For instance, the presence of 
clusters and agglomerates in aqueous CNF-system can still be present in the dried film: in that 
case the advantage of a nano-filler is lost and the mechanical and barrier properties will be 
consequently influenced. Furthermore, it is vital to recognize the nature of these fiber 
suspensions, if they behave as a colloid made by rigid-rod shaped particles (15) or more as a 
dilute polymer suspension, in which the single fibers are like semi-flexible polymeric chains 
(16). Since the preparation of such films is a process involving different dynamics, as the 
mixing, the application of vacuum and the final water evaporation, it is essential to understand 
how CNF behave in the medium when different flow fields are applied. Generally fiber 
suspensions can be considered structured fluids that show features (shear thinning (42), 
viscoelasticity (43) and Weissemberg effect (41))  similar to those of polymer melts and 
solutions. In particular, as it will be possible to see in Chapter 3, the nano-fibrillated fibers 
have a high aspect ratio (~100) and they are not completely rigid as stick, but they have an 
entangled configuration, similar to a “spaghetti” system. Therefore, it seems reasonable 
consider this kind of fiber as a semi-flexible macromolecule in solution. As previously 
mentioned in §1.1.1 the CNF receives a carboxymethylation pre-treatment: the presence of 
carboxylate groups on the surface lead to electrostatic repulsion between the fibrils. The 
carboxylate content with negative surface charge, which causes this electrostatic repulsion, is 
typically 0.5 𝑚𝑚𝑜𝑙/𝑔 (17). Anyway, the suspensions provided for this study have been 
previously threated and modified by Innventia Group, so the aim of this work is not to 
analyze the stability of such suspensions, but just characterize their rheological behavior, 
evaluating the effect of graphene oxide and/or calcium ions.  In particular, eventual cations 
present (added) in solution should modify the reciprocal electrical interaction between the 
fibers (18). 
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Normally the analysis of rheological parameters is applied for industrial purposes, to solve 
practical problems (design a plastic part, analyze a Non-Newtonian flow through a pipe, etc) 
or in science for the characterization of new materials (19).  In this study rheology is used to 
examine the behavior of CNF suspension and the effects of Graphene Oxide and Calcium 
Ions on the viscoelastic and shear thinning properties. All rheological properties depend on 
the structure of the suspension, which is determined by dispersion medium properties, flow 
field applied, fiber characteristics and interactions (40). 
2.1 Experimental conditions  
The viscosity depends on many factors, as temperature, concentration and pressure. The effect 
of the temperature on a Newtonian fluid (Newtonian means that shear viscosity is constant 
over the shear rate) follows the Arrhenius law: 
𝜂𝜂 = 𝐴 ∙ 𝑒𝑥𝑝 � 𝐸
𝑅𝑇
� (2.1) 
Where  𝐴 is a constant, R is the universal gas constant, T the temperature in Kelvin and E is 
the activation energy (that measures the height of a potential energy barrier associated with 
the force needed to produce elemental quantum steps in the movement of molecules). Eq. 
(2.1) attests that the shear viscosity decreases with the temperature. The rheological properties 
have a strong dependence from the CNF fibers concentration (20) and in particular the shear 
viscosity increases when the CNF concentration increases. The effect of pressure on viscosity 
is such that as the pressure increases, the viscosity increases; however the extent is quite small 
and can be neglected. For the shear viscosity analysis the Coaxial Cylinder rheometer (Fig. 
1.10) requires 20𝑚𝑙 of fluid, while for the oscillating test the optimal quantity (Fig. 1.12) is 160𝜇𝑙. In this study for all the rheological measurements the temperature is maintained 
constant at 293𝐾 (equal to 23°𝐶, the room temperature). 
2.2 Shear Thinning Behavior 
First of all the shear thinning behavior has been analyzed, in order to determine if such 
suspensions can be considered as Newtonian or Non-Newtonian fluids. After that, oscillating 
tests have been used to determine the viscoelastic properties.CNF suspensions show a shear 
thinning behavior; this means that the viscosity decreases as the shear rate increases (Fig. 
2.1). For low shear rate the suspension appears with a zero-shear viscosity 𝜂𝜂0, while for high 
shear rates the viscosity approach to a lower value, 𝜂𝜂∞. Shear thinning of fibers (with an 
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𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 ≥ 100) suspensions has been already demonstrated for nylon, glass and vinylon 
fibers in glycerin (42) and it depends by many parameters as: fiber aspect ratio, flexibility 
(𝑓𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 ∝ 1 𝐸𝐼⁄ , where 𝐸 is the fiber’s Young’s modulus and 𝐼 is the area moment of 
inertia defined as 𝐼 = 𝜋𝑟4/4; 𝑟 is the radius of the fiber, imaging it as a cylinder), adhesive 
contacts between fibers (that depend by fiber’s surface morphology and chemical 
composition) and concentration. The decrease in viscosity of Fig. 2.1 could be explained as 
the disentanglement and the progressive alignment of the fibers along the directional fluid 
field generated by the increasing shear rate. Therefore, a more ordered structure opposes an 
inferior shear rate and the suspension results to have an inferior viscosity. Also, CNF 
suspensions can demonstrate a time-dependent rheological behavior (thixotropy) 
(21). Thixotropy can be defined as "decrease [in time] of ... viscosity under constant shear 
stress or shear rate, followed by a gradual recovery when the stress or shear rate is removed" 
(22).  
 
 
 
 
 
 
 
 
 
 
 
One of the most common ways of measuring thixotropy is to perform a loop test: this means 
to increase the shear rate (or sometimes shear stress) from zero to a maximum value, and then 
to return at the same rate to zero (23). The evaluation of the area produce by such hysteresis 
loop is a rough measure of thixotropy, for a quick and qualitative procedure. However, the 
least laborious evaluation to determine the thixotropic degree involves measuring the distance 
between the up and down flow curves at mid-point of the applied shear rate range (24). For 
highly tixotropic fluids the up and down curves are far away to each other, enclosing a large 
area (25).   
 
𝜂𝜂0 
𝜂𝜂∞ 
Fig. 2.1: Viscosity vs Shear rate for a pure CNF suspension (conc. = 2,3mg/ml). 
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In Fig. 2.2 is possible to see the hysteresis cycle produced by a shear rate loop test performed 
on a 2.3mg/ml CNF suspension. The “breakdown area” enclosed in the cycle is really small 
(the up and down curves almost overlay each other) and this means a not pronounced 
thixotropic behavior.  
The shear thinning behavior is evident also for CNF suspensions containing Graphene Oxide. 
The quality of such bi-component depends by many factors, but the mixing is an essential 
procedure to assure a good dispersion of all the phases inside the media, preventing the 
formation of agglomerates. 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, different mixing techniques (§1.2.1) have been tested, investigating in particular 
their rheological properties. Fig. 2.3 shows that the simple vortex mixing has the highest 
 
 
 
Fig. 2.2: Breakdown area for a 2,3mg/ml NFC suspension. 
 
Fig. 2.3: Shear Viscosity for NFC-2,5%GO mixed with different techniques. 
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shear viscosity, while Turrax at 13500rpm (maximum speed) for one hour shows the lowest 
one. So, more is the energy put inside the system, or in other words, the higher the applied 
shear/strain, the smaller is the viscosity. The “mixing strength” can be classified for different 
techniques as: Vortex < Rolling < Shaking < Turrax 4000rpm < Turrax 13500rpm. This is 
reflected on rheology: 𝜂𝜂𝑣𝑜𝑟𝑡𝑒𝑒𝑥 > 𝜂𝜂𝑟𝑜𝑙𝑙𝑖𝑛𝑔 > 𝜂𝜂𝑠ℎ𝑎𝑘𝑖𝑛𝑔 > 𝜂𝜂𝑡𝑢𝑟.4000 > 𝜂𝜂𝑡𝑢𝑟.13500. Furthermore, 
for high energy mixing there is a reduced shear thinning effect: a vigorous mixing produce a 
more Newtonian fluid (viscosity independent from shear rates). This behavior could not 
depend by thixotropy: the time between the suspension preparation and the rheometer analysis 
was about 15-20 minutes. Therefore, the microstructure had enough time to recover its initial 
configuration. The reducing in viscosity could be related with a better dispersion of GO inside 
the “fiber network” of the suspension.  In fact, Graphene Oxide flakes are negatively charged 
(26), and an efficient mixing can better disperse them between the negatively charged CNF 
fibers: the electrostatic repulsion decreases the reciprocal adhesive interactions (decreasing of 
shear thinning behavior and viscosity). It is well known that the “flocculation” phenomena is 
related to wider ranges of shear rates over which shear thinning is present: a prolonged 
Newtonian behavior over a wide range of shear rates proof the good homogeneity of the 
suspension (40).  The better dispersion can be related also with the breaking of the weak GO 
flakes. For instance, higher is the rotational speed of the Turrax, higher is the kinetic energy 
of the fluid through the rotor-stator arrangement and the GO flakes will impact with much 
more violence (higher intensity and number of impacts) on the metallic structures of the 
mixer. Therefore, high speeds of mixing means high kinetic energy of the GO flakes, and 
therefore high probability to break them after collisions with the surrounding. Smaller GO 
flakes can “diffuse” better between CNF fibers and the suspensions show an inferior 
resistance to flow.     
UV-Vis spectroscopic analysis has been conducted for CNF-GO suspensions mixed for 
different times with “turrax” at maximum power (ANNEX A-1). 
  
2.3 CNF suspension as high molecular weight polymer suspensions 
The evaluation of parameters as the Storage and Loss Moduli is fundamental for the 
determination of the viscoelastic properties.  
From the oscillating test results (§1.2.3.2, Fig. 1.12) interesting interpretations can be done, 
about the behavior and the characteristic microstructure of CNF suspensions.  
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As mentioned in the beginning of this chapter, CNF suspensions are sometimes treated as a 
colloid made by rigid or semi-rigid rod shaped particle, otherwise as a polymeric suspension. 
In the literature appear many different expressions to describe the CNF fibers: polymer 
whiskers (29), CNF particles (30), semiflexible rod-like macromolecular chain (16)...etc.  This 
can generate confusion during the interpretation of rheological data, because in rheology exist 
many different models (for polymer solutions, gels, colloids, melts, particle 
suspensions…etc), and many of them are valid just for certain condition of CNF 
concentration or aspect ratio. In fact, the dynamic storage modulus increases in proportion to 
the 9/4th power of the fiber concentration (15): this power is coincident to that one for polymer 
gels. However for diluted CNF suspensions, the approximation to a rod-like particle 
suspension is more suitable, since the excluded volume of one fiber is calculated consider it as 
a rigid long cylinder of diameter d and length l (31). Defining Va as the actual volume of fiber 
and Ve as the effective volume swept out by a rotating fiber (and equals to a sphere with a 
diameter of one fiber length):  
𝑉𝑉𝑎 = (𝑑 2⁄ )2𝜋𝑙 (2.2) 
𝑉𝑉𝑒𝑒 = 43 (𝑙 2⁄ )3𝜋 (2.3) 
Moreover the critical fraction, 𝜑0, at which fibers are no longer able to undergo free rotation, 
is: 
𝜑0 = 𝑉𝑉𝑎𝑉𝑉𝑒𝑒 = (𝑑 2⁄ )2𝜋𝑙43 (𝑙 2⁄ )3𝜋 =   32 �𝑑𝑙 �
2 = 3(2𝑝2) (2.4) 
Where 𝑝 = 𝑙 𝑑⁄  is the aspect ratio of the fiber.  
So, when the CNF fraction is higher than 𝜑0, the effect of the fiber steric interaction becomes 
important. Since the value of 𝜑0 is really small, also few fibers present in the media are still 
able to perceive their reciprocal presence. For a 2,3𝑚𝑔/𝑚𝑙 CNF suspension, considering an 
aspect ratio 𝑝~100: 𝜑0 = 3 (2𝑝2)⁄ = 0,015𝑣𝑜𝑙%. Therefore, for this value of 𝜑0, the critical 
mass concentration (called also overlap concentration) is: 𝐶0 = 𝜑0 𝜌⁄ = 0,00935𝑤𝑡%, where 
the fiber density, 𝜌, has been taken equal to 1600kg/m3 (§Chapter 3). 
However, this critical concentration is based just on geometrical considerations, since that in 
the above discussion are not mentioned the short- and long- range interactions as the van der 
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Waal and electrostatic existing between carboxymethylated CNF fibers. As previously 
mentioned, the CNF fibers are negative charged: this is performed in order to prevent the 
agglomeration, because without any kind of pre-treatment, as the carboxymethylation, 
Cellulose nanofibrils are able to form gel clusters, in particular at low fibril concentrations 
(32). In that case the cross-linking between fibers is physical (hydrogen bonds, van der Waals 
interactions, hydrophobic-hydrophobic interactions) (33).  
Performing a simple oscillating test on a 2,3mg/ml CNF suspension and plotting the storage 
modulus, 𝐺𝐺´, over the angular frequency, 𝜔𝜔, it is possible to see a tendency like that one 
presented in Fig. 2.6.  In classical viscous fluids, the elastic and loss modulus have a 
characteristic frequency dependency, that is, 𝐺𝐺´ ∝ 𝜔𝜔2 and 𝐺𝐺´´ ∝ 𝜔𝜔1, whereas an ideal gel 
behaves elastically and 𝐺𝐺´ ∝ 𝜔𝜔0 (the storage modulus is independent from the frequency 𝜔𝜔). 
The interesting aspect is that for intermediate angular frequency (0,1𝐻𝑧 ≤ 𝜔𝜔 ≤ 15𝐻𝑧) the 
storage modulus follows a power-law in which the exponent is 2/3, i.e., 𝐺𝐺´ ∝ 𝜔𝜔2/3. This 
relation of proportionality doesn’t change for lower CNF concentration than 2,3𝑚𝑔/𝑚𝑙 , i.e.,  1,15𝑚𝑔/𝑚𝑙, 0,46𝑚𝑔/𝑚𝑙 and 0,23𝑚𝑔/𝑚𝑙.  
What is surprising is that 𝐺𝐺´ ∝ 𝜔𝜔2/3 is the typical behavior for dilute high molecular weight 
polymers in theta solvents (34). A theta solvent is a solvent in which polymeric chains assume 
exactly their random walk coil dimensions. Thermodynamically, the excess chemical 
potential of mixing between a polymer and a theta solvent is zero.    
 
 
 
 
 
 
 
 
 
 
 
𝐺𝐺´ ∝ 𝜔𝜔2 
Fig. 2.6: G’ vs 𝜔𝜔 for a 2,3mg/ml NFC suspension. 
𝐺𝐺´ ∝ 𝜔𝜔2/3  
𝜏𝜏𝑁𝑁𝑠𝑠 
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This prediction considers polymers as series of bead and springs chains: the springs mimic the 
elastic forces and beads produce hydrodynamic drag (Fig. 2.7). The simplest beads and spring 
model is the elastic dumbbell, which has a single spring connecting two beads. When one 
bead moves an hydrodynamic force arises on the other beads. The model that combines the 
beads-spring assumption with the effect of hydrodynamic interactions exerted by polymeric 
coils in a theta solvent is given by the Zimm Theory (35). For intermediate angular frequencies 
it relates the loss and storage moduli as: 
𝐺𝐺´´ − 𝜂𝜂𝑠𝜔𝜔 = √3𝐺𝐺´ ∝ 𝜔𝜔2/3 (2.5) 
Where 𝜂𝜂𝑠 is the viscosity of the solvent and √3 is a proportionality constant confirmed 
experimentally for polymer solution. For CNF suspension in this study this proportionality 
constant is lower than 1. However, for high frequencies the CNF suspension behaves like a 
viscous fluid (𝐺𝐺´ ∝ 𝜔𝜔2). Above the intermediate-frequency regime, which spans from the 
inverse of the longest Zimm time, 1/𝜏𝜏1 , to the inverse shortest time, 1/𝜏𝜏𝑁𝑁𝑠𝑠, there is the high 
frequency regime (𝜔𝜔 > 𝜏𝜏𝑁𝑁𝑠𝑠). For 𝜔𝜔 = 𝜏𝜏𝑁𝑁𝑠𝑠 the Zimm theory predicts a crossover from  𝐺𝐺´´ − 𝜂𝜂𝑠𝜔𝜔 ~ 𝜔𝜔2/3 to 𝐺𝐺´´ − 𝜂𝜂𝑠𝜔𝜔 = 0. Therefore, for high frequencies the dynamic viscosity 
𝜂𝜂´ = 𝐺𝐺´´/𝜔𝜔, that is a measure of viscous dissipation, is predicted to be equal to 𝜂𝜂𝑠, without 
any kind of contribution from the polymer.  
 
  
 
 
 
 
 
 
 
 
    
At high frequency the deformation is too fast for the individual spring of the elastic dumbell 
to relax, and the polymer does not dissipate energy.Experimentally, for polymeric solutions, 
                       
Fig. 2.7: A polymeric coil (left) and the spring-beads model (right). 
Sub-unit 
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𝐺𝐺´´/𝜔𝜔 approach a constant 𝜂𝜂´∞ at high 𝜔𝜔, and this 𝜂𝜂´∞ is usually greater than the solvent 
viscosity (34). For the 2,3mg/ml CNF suspension is ~0,2 𝑃𝑎 ∙ 𝑠 (Fig. 2.8). 
 
 
 
 
 
 
 
 
 
 
 
 
If the effect of hydrodynamic interactions is neglected, the model follows the Rouse 
prediction: in that case, 𝐺𝐺´ ∝ 𝜔𝜔1/2 for intermediate frequencies (36). This is not the case 
because hydrodynamic interactions in CNF semi-diluted suspensions cannot be ignored, and 
the tendency of  𝐺𝐺´ vs 𝜔𝜔 follows the Zimm prediction. However for a right determination of 
dynamic moduli through the theory normally applied to polymers, it is necessary to add 
another variable to the system: the existence of “entanglements” between fibers (but this is 
not the purpose of this study, that wants to give just a qualitative interpretation).   
 
2.4 Cross-linking of CNF suspensions 
It has been showed in many studies that carboxylic groups can bind divalent cations such as 
Ca2+ (39). Moreover, CNF suspension start to gel at low pH (pH<3) (18), and some reviews, 
also report the possibility to cross-link polysaccharides with boric acid (7). Examining the 
shear viscosity, for a constant shear rate (shear rate=0,2 Hz), as function of the linker 
percentage it is possible to see some tendencies. For instance, the Boric Acid seems to weakly 
crosslink the nanocellulose fibers: for the 0,5% of boric acid the viscosity increases only of 
7% with respect to the pristine CNF. For higher concentrations of boric acid, no effects are 
seen. The situation is completely different considering the Calcium Ions (Fig. 2.9). Adding 
5% of calcium increases the CNF viscosity by more than two orders of magnitude. This 
 Fig. 2.8: 𝐺𝐺´´/𝜔𝜔 (for 𝜔𝜔 > 𝜏𝜏𝑁𝑁𝑠𝑠) measured in 2,3mg/ml NFC suspension  
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means that the fluid friction is higher and a higher shear stress is required to strain the 
suspension. However for 0% < %𝐶𝑎 < 1.5% , there is an evident decreasing in viscosity.  
 
 
 
 
 
 
 
 
 
 
2.4.1 Power Law model for CNF-Ca2+ Shear Viscosity   
Shear thinning means that the viscosity decreases with the shear rate: this is because the fiber 
configuration is forced to align itself along the flow direction caused by the rotational motion 
of the cylinder. At low shear rate, the suspension manifests a high friction because the fibers 
are randomly disposed in the space and their reciprocal interactions make difficult to align the 
system along the flow direction; with an increase of shear rate the majority of the fibers are 
aligned with the flux and the system offer a less resistance (viscosity) to be sheared. For really 
high shear rate the viscosities of all the suspensions approach the same value 𝜂𝜂∞: this in 
agreement with the fact that for high shear rates the structured liquid is so well deformed 
along the flux direction that the effect of CNF fibers presence is minimum. 
The simplest way to model the shear viscosity is through the power law model: 
𝜂𝜂 = 𝑘?̇?𝑛−1 (2.6) 
Where k is called the consistency index and n the power law index. The consistency index is 
the viscosity (or stress) at a shear rate of 1s-1. The power law index is dimensionless and 
ranges from 1 for Newtonian liquid towards 0 for very non Newtonian liquids: this is, in 
essence, a measure of non-Newtonianness. The relation (2.6) can be used when 𝜂𝜂0 ≫  𝜂𝜂∞ , or 
when 𝜂𝜂∞ is small. Moreover, according the power law model the relation between the shear 
stress and shear rate can be written as: 
𝜏𝜏 = 𝑘?̇?𝑛 (2.7) 
 
Fig. 2.9: Viscosity (for shear rate=0,2Hz) for NFC-Boric Acid (left)and for NFC-Calcium (right) suspensions. 
T=5°C for NFC-Boric A. and T=25°C for NFC-Calcium. 
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Where 𝜏𝜏 is the shear stress and ?̇? the shear rate.  
 
 
 
 
 
 
 
 
 
 
 
To find n and k, that are parameters that characterize the material in the experimental 
condition chosen, it is useful to work with the logarithmic scale of Eq. (2.7): log 𝜏𝜏 = 𝑛 log (?̇?) + log 𝑘 (2.8) 
The Eq. (2.8) represents a straight line, where n is the slope and log k the intercept (Fig. 2.10). 
From the previous linear fitting it is possible to obtain: 𝑛 =  0,66343 and 𝑙𝑜𝑔 𝑘 = −1,11047, so 𝑘 =  0,07754. Through these index the shear viscosity can be modeled (Fig. 
2.11). 
 
 
 
 
 
 
 
 
 
 
Repeating this procedure for all the concentrations of Calcium, the values of n and k for each 
sample are (Table 2.1): 
Fig. 2.10: Experimental data  for a pure 2,3mg/ml NFC suspension and power law fitting. 
 
Fig. 2.11: Power law model applied for a pure 2,3mg/ml suspension. 
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% Calcium k n 
0 0,07754 0,66343 
0,1 0,05574 0,70944 
0,2 0,05412 0,72068 
0,5 0,06307 0,67719 
0,75 0,05744 0,68429 
1,5 0,07732 0,61678 
2 0,10123 0,55743 
 
With these a relation between n, k and calcium concentration can be found (Fig. 2.12).  
 
 
 
 
 
 
 
 
 
 
 log(𝑘) =  −1,16335 − 0,28833%𝐶𝑎 + 0,20243 (%𝐶𝑎)2 log(𝑛) =  −0,16556 + 0,0451%𝐶𝑎 − 0,0478 (%𝐶𝑎)2 
(2.9) 
(2.10) 
From Eq. (2.9) and (2.10) it is possible to obtain approximated relations between n, k and the 
calcium concentration. Combining Eq. (2.9) and (2.10) with (2.6), the approximated formula 
that relates together the shear viscosity, the shear rate and the percentage of Calcium is: 
𝜼 = (10−1,16335−0,28833%𝑪𝒂+0,20243 (%𝑪𝒂)2) ∙ ?̇?(10−0,16556+0,0451%𝑪𝒂−0,0478 (%𝑪𝒂)2)−1 (2.11) 
Looking the Fig. 2.13 the (2.11) seems to approximate quite good the experimental data. 
However, for high concentration of calcium the (2.11) starts to diverge: this is because the 
Table 2.1: Power law and consistency index for samples with different percentage of Calcium. 
 
Fig. 2.12: Polynomial fitting of n and k as function of Calcium percentage. 
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suspension start to be a strong gel and the model for shear thinning fluids cannot be applied 
anymore. 
 
 
 
 
 
 
 
 
 
 
2.4.2 Viscoelastic properties of CNF-Ca2+ suspensions 
As mentioned in §2.3, the exponent j of the relation 𝐺𝐺´ ∝ 𝜔𝜔𝑗𝑗, for intermediate frequencies, 
can be a proof for the viscous or elastic nature of the suspension. When calcium ions are 
added to a CNF suspension the power dependence of 𝐺𝐺´ vs 𝜔𝜔 starts to change (Fig. 2.14).  
 
 
 
 
 
 
 
 
 
 
 
 
Therefore considering 𝐺𝐺´ ∝ 𝜔𝜔𝑗𝑗 (for 1/𝜏𝜏1 < 𝜔𝜔 < 1/𝜏𝜏𝑁𝑁𝑠𝑠), the tendency of j as function of the 
calcium content  shows a decay for high calcium concentration: j goes forward zero, i.e., 
𝐺𝐺´ ∝ 𝜔𝜔0. In particular 𝑗 = 0 for %𝐶𝑎 ≥ 3%. This independency from the frequency proofs 
Fig. 2.14: Exponent j (of the relation 𝐺𝐺´ ∝ 𝜔𝜔𝑗𝑗) for different calcium concentrations 
 
Fig. 2.13: Experimental data and approximated formula (Eq. (2.13)). 
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the gel-like behavior of the suspension, and the existing of strong interactions between 
calcium ions and the CNF fibers. The gelation can be defined as “… the conversion of a 
liquid to a disordered solid by formation of a network of chemical or physical bonds between 
the molecules or particles composing the liquid” (34) and it can be chemical (with the 
formation of covalent bonds, typically permanent at high temperatures) or physical (in this 
case is a result of weak intermolecular association, as clusters produced by Van der Waal 
forces, electrostatic attractions or hydrogen bonding). For chemically cross-linked polymeric 
macromolecules is valid the Kramers-Kroening relation (34,37): 
𝐺𝐺´(𝜔𝜔) = 𝐺𝐺´´(𝜔𝜔)tan �𝑛 ∙ 𝜋2� (2.14) 
Calculating the 𝐺𝐺´ (at intermediate frequencies: 0,1𝐻𝑧 ≤ 𝜔𝜔 ≤ 15𝐻𝑧) with the above 
equation, for CNF-Calcium suspensions the best fitting gives 𝑛~0,63 for 3%Ca and 𝑛~0,70 
for 5% and 20%Ca (Fig. 2.15). Normally, for polymer gels, n varies over the wide range 0.19-
0.92 for chemically cross-linked systems. 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, if a CNF-calcium suspension can be modelled with an equation normally used in 
chemical cross-linked system (where the crosslinking is due to the formation of strong 
covalent bonds), it means that the interactions between the CNF fibers and the divalent 
calcium ions are not weak at all and lead to a formation of a strong network. 
 
Fig. 2.15: Kramers-Kronig Model applied to Ca2+-NFC suspension for high Calcium concentration  
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The relation between the strength of this network and the storage modulus is given by (38): 
𝐺𝐺´(𝜔𝜔) = 𝛤(1 − 𝑛) cos �𝑛𝜋2 � 𝑆𝜔𝜔𝑛 (2.15) 
Where n is the same coefficient as in Eq. (2.14), 𝛤( ) is the gamma function and S is the 
strength of the gel. Finding the value of S, a comparison of different gels strength is possible. 
Then, the gel strength can be obtained using: 
𝑆 = 𝐺𝐺´(𝜔𝜔)
𝛤(1 − 𝑛) cos �𝑛𝜋2 �𝜔𝜔𝑛 (2.16) 
For 𝜔𝜔 = 0,501𝐻𝑧 the gel strength for the calcium concentration reported on Fig. 2.15 are: 
% Calcium 𝒏 𝜞(𝟏 − 𝒏) 𝑮´(𝝎 = 𝟎,𝟓𝟎𝟏) S [Pa] 
3 0,63 2,40 3 4 
5 0,70 2,99 15 18 
20 0,70 2,99 131 156 
 
Table 2.2 shows that 𝑆 ∝ 𝐺𝐺´ and therefore the gel strength increases with the calcium 
concentration. For high angular frequencies 𝐺𝐺´´/𝜔𝜔 approach the same value, for all %Calcium 
(Fig. 2.16): at high 𝜔𝜔 the viscoelastic properties depend on the solvent. 
 
 
 
 
 
 
 
 
 
 
Analyzing more in detail the rheological properties of CNF-Ca2+ suspensions, there are two 
different and opposite tendencies for low and high calcium concentration ranges.  The Storage 
     
Fig. 2.16: 𝐺𝐺´´/𝜔𝜔 for different Calcium concentrations.  
Table 2.2: Gel strength  for 2.3mg/ml NFC suspensions with different calcium concentrations . 
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Modulus shows the same tendency of the shear viscosity: an initial decrease for 0% < %𝐶𝑎 ≤ 1.5% and then increases for higher percentage of calcium (Fig. 2.17).  
 
 
 
 
 
 
 
 
 
 
This means that for 0% < %𝐶𝑎 ≤ 1.5% the suspension is more liquid-like than a suspension 
that contains just CNF. The liquid-like behavior is more evident plotting the loss tangent 
parameter defined by the (1.16) in §1.2.3.1. For higher percentage of Calcium the behavior is 
more solid-like and this indicates a higher possibility for the system to store elastic energy. 
For a completely solid like behavior (just elastic response), 𝑡𝑎𝑛𝛿 = 0 while for a completely 
liquid like behaviour (just viscous response), 𝑡𝑎𝑛δ = ∞. Therefore if the loss tangent 
increases the fluid becomes more liquid-like, if it decreases the fluid becomes more solid-like. 
The decreasing of viscosity and elastic properties for low calcium concentrations can be 
explained with the partial agglomeration of some fibers (40). For a fibers suspension the 
viscosity is determined by the possibility of them to rotate in spherical zone of space of radius 
equal, with a good approximation, to half fiber (44) (to be more precise instead of the fiber 
length it would be better to take the average end-to-end distance for the fiber since it is quite 
flexible). A small amount of Ca2+ can bind surface functional groups within a single fiber or 
from different fibers, resulting in a smaller effective rotational diameter and a higher available 
space for free fiber rotation. This can be the explanation for the more liquid-like behavior of 
the suspension registered for low calcium concentration. Since a single fiber can move in a 
space defined by the (2.3), without calcium ions the necessary space for the free rotation, for 
instance, of four fibers is equal to 4𝑉𝑉𝑒𝑒. With a small amount of divalent ions as Calcium, these 
four fibers can electrostatically interact and they form a fiber agglomerate that can rotate in a 
volume 𝑉𝑉 inferior to 4𝑉𝑉𝑒𝑒 (Fig. 2.18). 
Fig. 2.17: Storage modulus and loss tangent for different calcium concentrations. 
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However, for an increasing concentration of calcium in the system, more coiled fibers start to 
interact with each other, forming a network made by electrostatic interactions: this is why the 
viscosity and the storage modulus increases for high percentage of Ca2+. 
 
2.5 Viscoelastic behavior of CNF-GO-Ca2+ suspensions 
In §2.2 it has been already introduced the effect of a vigorous mixing of CNF-GO 
suspensions. In this section it will be investigated how the viscoelastic properties of CNF and 
calcium ions suspensions can be influenced by the presence of graphene oxide. 
  
 
    
 
 
 
 
 
 
 
 
 
 
𝑉𝑉𝑒𝑒 
Fiber  
Calcium 
ion 
Fig. 2.18: Excluded volume for a single fiber (left) and for an agglomerate (right). 
𝑉𝑉 
 
Fig. 2.19: Exponent j (of the relation 𝐺𝐺´ ∝ 𝜔𝜔𝑗𝑗) for suspensions with 5%GO and different calcium 
concentrations. 
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The relation 𝐺𝐺´ ∝ 𝜔𝜔𝑗𝑗 can be examined again in order to see if suspensions with different 
calcium concentrations maintain the same frequency dependence when 5%GO is added). In 
this case the weight percentage of GO is referred to the CNF mass, and the calcium weight 
percentage is related to the sum between the CNF and GO mass. 
Comparing Fig. 2.14 with Fig. 2.19 it is possible to see that the 5%GO: 
1. reduces the tendency of agglomeration for low calcium concentrations, and the Zimm 
proportionality relation (𝐺𝐺´ ∝ 𝜔𝜔2/3) is maintained for a wider range of %Ca2+; 
2. retards the gel formation due by the calcium ions, since in Fig. 2.19 j for 3% Ca2+ is 
higher than the one for 5% Ca2+.   
Furthermore, GO influences all the viscoelastic properties of CNF-calcium suspensions: in 
particular it gives a more liquid-like behavior of such suspensions, reducing the storage 
modulus and increasing the loss tangent (Fig. 2.20). 
 
 
 
 
 
 
 
 
 
 
 
 
2.6 Discussions 
The rheology of these suspensions is not so easy to analyze, since many factors have to be 
taken in account. First of all, the fibers are a bit rigid (quite high elastic modulus due to the 
presence of crystalline regions), but flexible enough to be considered in a first approximation 
as big macromolecules. Under an oscillating test the reciprocal hydrodynamic interaction 
lead the fibers to behave as polymeric chains in their “random walk” configuration. 
Therefore during an oscillating fluid field applied to the suspension, for intermediate 
frequencies, a CNF assume a configuration in which the average end-to-end distance is not 
equal to its length, 𝑙, but it is 𝑖 ∙ √𝑁, where 𝑁 is the number of sub-units in Fig. 2.7 and 𝑖 the 
  
Fig. 2.20: Storage modulus and loss tangent (for angular frequency=1Hz and T=25°C) for NFC-Ca2+-GO 
suspensions, as function of  Ca2+percentage. 
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length of one subunit. This means that the fiber in particular flow conditions can assume a 
more coiled configuration and they are not completely rigid. Such little flexibility is well 
shown in next chapter (Fig. 3.3) and it should be possible to calculate the average end-to-end 
distance assuming that one sub-unit is long as a cellulose nanocrystal. The rigidity of the 
fibers is always related to their elastic modulus (40): higher is the elastic modulus lower is the 
flexibility. However for the elastic modulus of a CNF fiber is necessary to consider its 
amount of crystalline and amorphous phase (Chapter 3, section §3.3.1). The crystalline 
domains are not flexible at all and they show high Young´s modulus. Thus, if the CNF fibers 
are flexible it means that the amorphous fraction is not negligible and it plays a fundamental 
role in the mechanics.        
Moreover, divalent ions, as calcium cations can crosslink CNF fibers forming a stable gel. 
Moreover, from the previous viscoelastic analysis it seems that calcium ions can interact also 
with GO flakes: GO flakes present carbonyl groups, more likely as carboxylic acids along 
the sheet edge (11). In the literature is reported the possibility to link the edge-bound 
carboxylic acid groups of adjacent sheets with divalent cations (Mg2+ or Ca2+) (73). So, 
calcium ions have theoretically the possibility to interact with both CNF and GO flakes and 
this is seen in the rheology as a delayed gelling made by Ca2+ when GO is also present in the 
suspension. Moreover in situ treatment with 1wt% of divalent cations of fabricated graphene 
oxide paper lead to an improving of Young´s modulus by 10-40% and tensile strength by 10-
80% (73). So, the calcium can have an active role on the properties of NCF-GO composite 
membranes, since as GO flakes have low mechanical properties (Chapter 3, §3.4.1).  
Another instrument of investigation that has been used in order to support the rheological 
data is the dynamic light scattering. However the DLS bases its analysis on the assumption 
that the particles in suspension are spherical, and therefore to have quantitative 
interpretations is necessary to build a new model for rod-shaped particles, characterized by 
three (two translational and one rotational) diffusivity coefficients. Further information 
connected to the problem of using this technique are reported in ANNEX A-2.  
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CHAPTER 3 
MECHANICAL PROPERTIES OF CNF-GO 
NANOCOMPOSITE 
 
In the following are presented, first of all, the results achieved for the mechanical properties 
measurements of CNF-GO membranes and then some theoretical models for the Elastic 
Modulus. The Elastic Modulus is one of the most important properties evaluated in 
mechanical analysis and its modeling can help to interpret the mechanisms that govern the 
mechanic of such bionanocomposite membranes. 
 
3.1 Tensile Test Results 
Circular membranes with 8.5𝑐𝑚 radius have been prepared for tensile testing. The thickness 
of the films can influence some of the mechanical properties as the stress at break or the 
tensile absorption energy. If there are the same statistical defects distribution and percentage 
of porosity inside the material for any kind of grammage (that is proportional to the 
thickness), the Young´s modulus has to remain constant. For the mechanical measurements, a 
grammage of 20𝑔/𝑚2 has been choosen, for two reasons: a thick film is easier to handle and 
this is the specific that a packaging application requires. In fact, the CNF films can find some 
applications in the packaging market, and here the mechanical properties assume a central 
importance. The membranes have been divided into six stripes and the mechanical properties 
of each of them were investigated by tensile test. From a single tensile test it is possible to get 
two curves of the stress as function of the strain applied: the Engineering Curve and the True 
Curve. For this measurement just the true curve has been evaluated.  
 
3.1.1 True Curve  
This curve is obtained plotting the true stress against the true strain.  The true stress is defined 
as: 
𝜎 = 𝐹
𝐴
 (3.1) 
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Where A is the instantly cross section area and F is the applied force. The true strain is: 
𝜀 = ln 𝐿𝑓
𝐿0
 (3.2) 
Where 𝐿𝑓 and 𝐿0 are  respectively the initial and final length of the specimen. 
The function 𝜎(𝜀) is a crescent curve and no maximum is shown before the rupture (Fig. 3.1). 
For values of applied stress inferior to the Yeld Stress the material has an elastic response and 
this means that 𝜎(𝜀) follows the Hook´s Law: 
𝜎 = 𝐸𝐸 ∙ 𝜀 (3.3) 
Where E is the constant Young´s modulus.  
After the Yeld Stress (point 1 in the picture below) a general material shows a plastic non 
recoverable deformation until the rupture.  
 
 
 
 
 
 
 
 
 
 
 
 
However in the true curve is not possible to see for which value of strain begins the instable 
and not uniform reduction of the cross section. This can be seen in the engineering curve and 
this moment corresponds to the maximum point reached by the function (ANNEX B-1).  
Of course these considerations are valid for an uniaxial tensile test (tensile test performed just 
in one direction): therefore what is measured are the mechanical properties of the material 
along the axis in which the load is applied. 
 
 
Rupture 
1 
Yeld Stress 
Fig. 3.1: Typical True Curve for a general material. 
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3.1.2 Results  
The membranes had different contents (percentage in weight referred to CNF mass) of GO. 
The results, from true curves, are summarized in the following Table 3.1. 
%GO* Grammage [g/m2] 
Thickness 
[µm] 
Density 
[kg/m³] 
Stress at 
Break [MPa] 
Elastic 
Modulus 
[GPa] 
Tensile 
Energy 
Absorption 
[kJ/m²] 
Strain at 
Break 
[%] 
0% 19,10 13,3 ± 1,6 1446 215,9 ± 30,6 13,1 ± 0,9 0,09 ± 0,01 4,0 ± 0,5 
1% 19,30 13,0 ± 1,2 1481 228,3 ± 8,6 14,9 ± 0,8 0,08 ± 0,01 3,8 ± 0,5 
2,5% 19,55 11,9 ± 0,5 1642 243,2 ± 5,0 16,0 ± 0,8 0,08 ± 0,01 3,9 ± 0,1 
5% 20,25 12,5 ± 1,0 1601 210,3 ± 21,0 14,2 ± 0,6 0,07 ± 0,01 3,5 ± 0,5 
10% 20,70 12,6 ± 0,6 1646 234,8 ± 15,9 16,0 ± 1,8 0,07 ± 0,01 3,3 ± 0,4 
 
The above data show a tendency with the GO content (Fig. 3.2).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For a content of 2,5wt% GO the Young´s Modulus shows an increse of ~23% (from 13,1 ±0,9 GPa for pristine CNF up to 16,0 ± 0,8 GPa). For the same percentage of GO the Stress at 
Table 3.1: Mechanical properties for different GO contents.  
           
Fig 3.2: Mechanical properties tendency for different GO contents. 
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Break shows an increasing of ~12,5% but with a loss in deformability (decreasing in Strain at 
Break) suggesting that GO makes more stiffens the nanocomposite. The reason for the small 
improving of the mechanical properties is due by the relatively low mechanical properties of 
Graphene Oxide: although these nanoflakes can assure a good interface with 
carboxymethylated CNF, they are full of defects (since the oxidation of graphite makes 
different functional groups on the sheet’s surface) and this affects negatively the mechanics. 
The difference of using GO or Graphene will be presented in the predictions of section §3.4.1.  
 
3.2 Comparison between results and literature 
The previous results can be compared with the ones for other biomaterials, in order to verify 
the mechanical properties quality of the CNF-GO membranes. First of all the comparison can 
be done with other CNF composite materials, in which the CNF can be considered as the 
“matrix”. Tensile properties of composite films of commercially used base paper, non-
modified CNF film and trimethylammonium-modified nanofibrillated cellulose (TMA-CNF) 
with different types of layered silicates (50 wt%) are reported in Table 3.2 (45). 
Film sample Thickness [µm] 
Elatic 
modulus 
[GPa] 
Tensile 
strength 
[MPa] 
Strain at 
break [%] 
Commercially used base paper 130 ± 5 1,8 ± 0,9 30 ± 2 5,3 ± 0,6 
Non-modified CNF 47 ± 2 6,4 ± 0,2 140 ± 6 4,9 ± 0,6 
Non-modified CNF/Mica R120 52 ± 1 7,3 ± 0,1 90 ± 3 2,2 ± 0,2 
TMA-CNF 63 ± 12 4,9 ± 0,1 87 ± 4 2,6 ± 0,3 
TMA-CNF/montmoril. EXM1246 53 ± 8 7,4 ± 0,6 116 ± 5 3,0 ± 0,6 
TMA-CNF/Kaolin Barrisurf HX 68 ± 14 6,6 ± 0,5 85 ± 12 2,4 ± 0,7 
TMA-CNF/Talc 76 ± 15 4,7 ± 0,2 67 ± 13 2,9 ± 0,9 
TMA-CNF/Vermiculite grade 4 67 ± 3 5,9 ± 0,5 90 ± 3 4,1 ± 0,7 
TMA-CNF/Mica PW30 64 ± 8 6,4 ± 1,0 56 ± 6 1,1 ± 0,2 
TMA-CNF/Mica R180 82 ± 12 6,6 ± 1,0 81 ± 20 2,1 ± 0,6 
TMA-CNF/Micavor 20 119 ± 20 3,8 ± 0,4 57 ± 3 2,6 ± 0,2 
TMA-CNF/Mica MU-M 2/1 55 ± 5 4,6 ± 0,3 62 ± 6 2,2 ± 0,3 
TMA-CNF/Mica SYA 31R 46 ± 5 9,8 ± 0,7 100 ± 8 1,8 ± 0,2 
TMA-CNF/Mica Sublime 325 51 ± 7 7,5 ± 0,3 68 ± 2 1,4 ± 0,1 
TMA-CNF/Rona Flair Silk Mica 50 ± 2 9,6 ± 0,3 111 ± 3 2,3 ± 0,1 
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TMA-CNF/Mica SX400 78 ± 2 3,4 ± 0,1 50 ± 3 2,7 ± 0,4 
TMA-CNF/Mica R120 51 ± 1 9,5 ± 0,2 104 ± 5 1,9 ± 0,3 
       
The CNF-GO membranes analyzed in this study show better properties than the materials 
presented in the previous table: in particular the improvement is ten times higher in respect to 
the commercial paper and 3-4 times in respect to the other TMA-CNF composites. The 
cellulosic membrane obtained from carboxymethylated CNF has greater elastic modulus and 
stress at break than the trimethylammonium-modified nanofibrillated cellulose. 
However, other studies for CNF composites with inorganic filler show similar results to those 
obtained for CNF-GO. In particular the mechanical properties for hybrid films based on CNF 
with different weight percent of vermiculite (49) are reported in Table 3.3. 
Film sample Thickness [µm] Elastic modulus [GPa] 
Tensile 
strength [MPa] 
Ultimate 
strain [%] 
CNF 12,3 ± 0,5 14,2 ± 0,6 256 ± 15 6,6 ± 0,5 
CNF+5%VER 12,9 ± 0,5 16,0 ± 0,6 257 ± 19 5,1 ± 0,6 
CNF+10%VER 12,6 ± 0,5 16,4 ± 0,7 245 ± 22 4,8 ± 1,0 
CNF+20%VER 13,3 ± 0,5 17,3 ± 0,4 244 ± 24 4,8 ± 0,7 
 
For the composites in the above table, the values of the elastic modulus and strength are quite 
similar to those ones of Table 3.1; however to reach the same properties of CNF-10%VER 
membrane is necessary just an adding of 2,5%GO to the pristine CNF. Therefore, also if 
CNF-GO nanocomposites have approximately the same mechanical properties of CNF-VER 
hybrids, they require a less quantity of filler (at least four times lower). 
However, in the literature are present also studies reporting the possibility to make CNF 
composite membranes with really high mechanical properties. For instance transparent 
nanocellulose films with the 16 vol% of titania nanoparticles show a very high Young’s 
modulus up to 44𝐺𝐺𝐺𝐺𝐺𝐺 (76).  Furthermore, recently it has been developed a new membrane 
based on nanofibrillar cellulose and synthetic saponite (SPN) nanoplatelets of low aspect 
ratios: the composite with 5.6% volume fraction of SPN exhibits a Young’s modulus of 14𝐺𝐺𝐺𝐺𝐺𝐺, tensile strength of 420𝑀𝐺𝐺𝐺𝐺, and strain-to-failure of 10% (78). These CNF-SPN 
membranes show a really high toughness (high stress at break and high ultimate strain). 
Table 3.2: Mechanical properties for different composite films (Table taken from (45)).  
Table 3.3: Mechanical properties for CNF-Vermiculite composites (Table taken from (49)).  
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Other ways to make bionanocomposites is to use CNF fibers as reinforcement in different 
kind of matrix. A bio-polymer studied quite a lot is chitosan: a linear polysaccharide derived 
from chitin by N-deacetylation (46,47). Chitosan (CS) has different applications: for waste 
treatment, packaging, food processing and in medicine. A recent work (48), shows the 
possibility to prepare by solution casting transparent chitosan nanocomposite films reinforced 
with CNF. The thickness of the such films is between 0,10 and 0,15mm and the mechanical 
properties  for different wt% of CNF are reported in Table 3.4.  
 
Film sample E-modulus [GPa] 
Ultimate 
strength [MPa] 
Elongation at 
break [%] 
CS 1,7 ± 0,3 46,5 ± 14,9 36,5 ± 7,1 
CS+1%CNF 2,1 ± 0,5 41,8 ± 15,2 24,0 ± 6,7 
CS+2%CNF 2,2 ± 0,6 42,6 ± 16,1 22,1 ± 6,1 
CS+4%CNF 2,0 ± 0,6 45,2 ± 17,4 20,3 ± 7,2 
CS+8%CNF 2,1 ± 0,9 49,9 ± 15,8 18,2 ± 6,8 
CS+16%CNF 2,3 ± 0,5 51,9 ± 15,4 12,2 ± 7,2 
CS+32%CNF 3,4 ± 0,7 58,3 ± 16,2 7,6 ± 3,5 
 
 
Chitosan-CNF films show inferior ultimate strength and elastic modulus than CNF-GO 
membranes, but they have a higher deformability. The deformability of CS-CNF composites 
decreases with increasing the %wt of CNF reinforcement.  
Another bio-based polymer often studied is the Xyloglucan (XG)(75): tensile test results for 
modified NG films (prepared at 23°C and 50%RH) are reported in the following table. 
Film sample E-modulus [GPa] 
Tensile 
strength [MPa] 
Elongation at 
break [%] 
XG 4,6 ± 0,2 78 ± 8,6 5,7 ± 3,6 
mXG34% 4,7 ± 0,4 76,9 ± 4,3 5,9 ± 1,7 
mXG41% 5,4 ± 0,2 88,0 ± 0,7 2,8 ± 0,4 
mXG43% 5,1 ± 0,2 55,9 ± 0,0 1,7 ± 0,4 
 
It is possible to increase the stiffness of native XG with the adding of inorganic nanoplates, as 
montmorillonite (MTM): the elastic modulus for XG/MTM nanocomposite is 13.7𝐺𝐺𝐺𝐺𝐺𝐺 and 
Table 3.4: Mechanical properties for CS films reinforced with CNF fibers (Table taken from (48)).  
Table 3.5: Tensile properties of XG and galactose removed XGs (different percentage) (Table taken from (75)).   
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tensile strength is ~100𝑀𝐺𝐺𝐺𝐺, that can further improved with XG oxidation (oxidXG/MTM 
shows a Young’s Modulus of 30𝐺𝐺𝐺𝐺𝐺𝐺 and 147.5𝑀𝐺𝐺𝐺𝐺 of tensile strength) (77). 
CNF fibers can be also used as reinforcement in a polymeric matrix, as can be the polyvinyl 
alcohol since it is a biodegradable, water-soluble polymer. In this case it is possible to obtain 
foams with quite low mechanical properties (for PVOH-10%CNF: stress at break~20𝑀𝐺𝐺𝐺𝐺 
and elastic modulus~50𝑀𝐺𝐺𝐺𝐺 (48)) if compared with CNF-GO films. 
Other biomaterials membranes can be used for packaging applications. Some works, for 
instance, present the possibility to make poly lactic acid (PLA)-chitosan (CS)-epoxidised 
natural rubber (ENR) composites through casting solution. However, also these 
biomembranes are less stiff and resistant than the CNF ones (Table 3.6). 
 
Film sample E-modulus [GPa] 
Tensile 
strength [MPa] 
Elongation at 
break [%] 
PLA 0,0039 19,00 − 
PLA+5%CS 4,1 30,95 6,86 
PLA+10%CS 4,5 28,71 5,22 
PLA+15%CS 3,8 27,50 4,98 
PLA/ENR 4,7 10,00 − 
PLA/ENR+5%CS 5,0 16,20 12,16 
PLA/ENR+10%CS 5,6 14,78 8,40 
PLA/ENR+15%CS 5,2 12,28 6,10 
  
 
3.3 Theoretical models and predictions for CNF membranes 
The experimental data can be interpreted by different composites mechanical models. These 
models are used in order to predict the different mechanical properties, in particular the 
strength at break and young´s modulus. Moreover, many solid materials present a viscoelastic 
behavior: for an applied stress, the total deformation is the sum of the elastic and plastic ones. 
The majority of the models consider their predictions just for the range of stresses in which 
the material has an elastic behavior (described by the elastic modulus).  The continuum 
mechanics (ANNEX B-2) is applied to a general solid body in order to evaluate the “stiffness 
matrix” that characterize the material: with some approximations deriving from symmetry is 
possible to evaluate the elastic properties just in three directions. In this work, some models 
Table 3.6: Mechanical properties for PLA-ENR-CS composites (Table taken from (51)).  
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are applied just for the estimation of the Young´s modulus CNF fiber, CNF membrane and 
CNF-GO composite membrane, avoiding the studying of the Poisson’s coefficients (that is 
also needed to evaluate completely the stiffness matrix). 
 
3.3.1 CNF single fiber Young´s Modulus 
For understanding the elastic properties of a CNF membrane, it is necessary to know in detail 
the main characteristics of a single CNF fiber. The fibers used in this study have a length 
approximately equal to 2𝜇𝑚 and a diameter two orders of magnitude smaller: 25𝑛𝑚. 
 
 
 
 
 
 
 
 
 
 
 
 
All the CNF fibers contain a crystalline phase, in which the cellulose chain is packed and 
organized in a particular. As mentioned in §1.1.1, in this study the CNF fibers present 
Crystalline Cellulose Iβ regions, which have in general the following properties (5): 
 𝛿𝑐 = 1600 𝐾𝑔 𝑚3⁄   (Density); 
 𝜎𝑓 = 7,5 − 7,7 𝐺𝐺𝐺𝐺𝐺𝐺   (Tensile Strength at break); 
 𝐸𝐸𝐴 = 110 − 220 𝐺𝐺𝐺𝐺𝐺𝐺   (Elastic modulus in axial direction 1); 
 𝐸𝐸𝑇 = 10 − 50 𝐺𝐺𝐺𝐺𝐺𝐺   (Elastic modulus in transversal directions, 2 and 3) 
Looking to the image above (Fig. 3.3) the axial direction is the “direction 1” and along the 
directions 2 and 3 the fiber is considered to have the same Transversal Elastic modulus 
(reasonable approximation). The previous values of Young´s modulus cover a wide range of 
numbers: this is because different sources (plant, wood, tunicate, algae) produce crystals with 
different mechanical properties. In order to estimate the Young´s modulus of one CNF fiber is 
fundamental to know a reasonable value for the crystalline phase elastic modulus.  In the 
 
 
1 
2 
3 
Fig. 3.3: SEM image (left) and ideal fiber geometry (right). 
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literature can be found different of the Axial and Transversal Elastic Modulus for the 
Crystalline Cellulose Iβ (52) (Table 3.7) obtained from different sources and using different 
techniques/models (by different researching groups): 
MATERIAL 𝑬𝑨 (𝑮𝑷𝒂) 𝑬𝑻 (𝑮𝑷𝒂) Experimental technique/model 
force field 
EXPERIMENT 
Cellulose fibrils 120 − 138 - XRD 
Cellulose fibrils 220 ± 50 15 ± 1 IXS 
CNC-plant 105 - Raman 
CNC-wood - 18-50 AFM ident.-FEA 
CNC-Tunicate 143 - Raman 
CNC-Tunicate 151 ± 29 - AFM-3pt bend 
CNC-Tunicate - 2-25 AFM identation 
CNC-wood - 24,8 ± 7,0 AFM ident.-FEA 
CNC-cotton - 17,7 ± 5,0 AFM ident.-FEA 
MODELING 
Single chain 168 11-50 Dreiding 
Single chain 145 - COMPASS 
1x1x1 unit cell 149 18-47 COMPASS 
1x1x1 unit cell 148 - CHARMM 
1x1x1 unit cell 111 - COMPASS 
3x3x2 unit cell 136 - GROMOS 
4x4x10 unit cell 125 - COMPASS 
4x4x8 unit cell 156 - GROMOS 
  
The single fiber is a sequence of crystalline (CNC) and “amorphous” (or semi-crystalline) 
regions, with rather different properties. Moreover it is also necessary to know how much is 
the crystalline phase, if it predominant or not in the CNF fiber. Mechanically, the fiber can be 
imaged as a composite material made by two phases: one crystalline and one completely 
amorphous (53). In this way is possible to obtain bounds for the modulus by assuming that the 
crystals are either in a parallel or in a series arrangement (54) (Fig. 3.4). If a tensile test is 
performed on the CNF fiber, according to the series hypothesis the applied load is the same 
Table 3.7: CNF Young´s Modulus obtained with different methods (Table taken from (52)). 
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for both phases (uniform stress), while for the parallel assumption is the resulting deformation 
to be the same for both phases (uniform strain). For the parallel arrangement E is given by the 
Voigt model as:  
𝐸𝐸 = 𝐸𝐸𝑐𝑉𝑐 + 𝐸𝐸𝑎(1 − 𝑉𝑐) (3.2) 
for a series arrangement E is given by the Reuss model as: 1
𝐸𝐸
= 𝑉𝑐
𝐸𝐸𝑐
+ (1 − 𝑉𝑐)
𝐸𝐸𝑎
 (3.3) 
where Ec is the Young’s modulus of the crystalline phase, Ea the Young’s modulus of the 
amorphous phase, Vc the volume fraction of crystals in the fiber and E the elastic modulus of 
the CNF fiber. For the crystal elastic modulus 150𝐺𝐺𝐺𝐺𝐺𝐺 is a reasonable value, which is 
consistent with the recent theoretical prediction (see table above). For the amorphous phase it 
can be taken a value of 5𝐺𝐺𝐺𝐺𝐺𝐺 (53,55), since this is close to the modulus for a glassy polymer. 
Other works take a value for the amorphous Young´s modulus also lower than the previous 
one (5). From X-Ray analysis, we know that the volume fraction of crystalline phase in the 
fiber is approximately the 50%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore for the Voigt model: 
 
𝐸𝐸 = 150 ∙ 0,5 + 5(1 − 0,5) = 73𝐺𝐺𝐺𝐺𝐺𝐺 (3.4) 
 
And for the Reuss model: 
 1
𝐸𝐸
= 0,5150 + 0,55 → 𝐸𝐸 = 10𝐺𝐺𝐺𝐺𝐺𝐺 (3.5) 
 
So, for a CNF fiber the elastic modulus in the axial 
direction should be between 10 and 73𝐺𝐺𝐺𝐺𝐺𝐺. 
For the Crystalline Cellulose 1β the elastic modulus in 
the transversal direction is between 10 and 50𝐺𝐺𝐺𝐺𝐺𝐺 
(56). A practical value for the transversal elastic 
modulus could be 25𝐺𝐺𝐺𝐺𝐺𝐺 for wood CNC (57). 
So, assuming a series connection between the 
crystalline and amorphous  phases  along the fiber 
axis,  it  means  that in  transversal  direction  they  are  
 
 
 
Amorphous 
Cristalline  
C
ristalline  
Am
orphous 
Fig. 3.4: Series (left) and parallel (right) 
arrangements between amorphous and 
crystalline regions in one CNF fiber. 
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connected in parallel, so the transversal modulus is predicted by the Voigt relation. 
The transversal elastic modulus for the amorphous region is still 5GPa, due to the isotropic 
behavior of glass materials. 
𝐸𝐸 = 25 ∙ 0,5 + 5(1 − 0,5) = 15𝐺𝐺𝐺𝐺𝐺𝐺 (3.6) 
In the case of the two phases connected in parallel along the fiber axis, in the transversal 
direction the Reuss model is valid: 1
𝐸𝐸
= 0,525 + 0,55 → 𝐸𝐸 = 8𝐺𝐺𝐺𝐺𝐺𝐺 (3.7) 
Therefore, the CNF fiber´s transversal elastic modulus spans between 8 and 15𝐺𝐺𝐺𝐺𝐺𝐺. 
Different works show that is more probable a series arrangement in the axial direction, since 
the experimental data are closer to the Reuss lower bound (53). However, sometimes the 
uniform stress condition seems to be contradictory and furthermore, considering a perfect 
series connection the fiber results to be isotropic (10𝐺𝐺𝐺𝐺𝐺𝐺 in the axially and 15𝐺𝐺𝐺𝐺𝐺𝐺 
transversally), but this is not possible since the fibers orientation affects a lot the final 
membranes properties (58).  Thus, it is better to stay between the Voigt and Reuss bounds, 
since it is not completely clear how the crystalline and amorphous zones are organized in the 
space inside the fiber. Since the CNC with is estimated to be between 2 and 20𝑛𝑚, and the 
diameter of the CNF fiber is 25𝑛𝑚, it should be possible for some crystalline domains to 
arrange also in a parallel configuration. A good approximation is to maintain the estimation in 
the center between Voigt and Reuss limits. Therefore in this study the axial and transversal 
moduli are respectively considered to be equal to: 𝐸𝐸𝐴 = (73 + 10) 2⁄ = 42𝐺𝐺𝐺𝐺𝐺𝐺 and 𝐸𝐸𝑇 =(15 + 8) 2⁄ = 12𝐺𝐺𝐺𝐺𝐺𝐺. These elastic properties are good enough to consider the CNF fibers 
for a hypothetical reinforcement for composite materials. The approximated Young´s 
modulus for some common materials is reported in the following table: 
Material E-modulus [GPa] 
Rubber 0,01 − 0,1 
HDPE 0,8 
PET 2 − 2,7 
Nylon 2 − 4 
Hemp fiber 35 
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Flax fiber 58 
Glass 50 − 90 
Aramid 70,5 − 112,4 
Steel 200 
Titanium 110,3 
Aluminium 69 
Carbon fiber 300 
 
3.3.2 CNF membrane Young´s Modulus  
Despite the single CNF fiber having good elastic properties (even in presence of amorphous 
regions), the final dried membrane loses this potential.Performing the tensile test on a 
carboxymethylated-CNF membrane, 13,3𝜇𝑚 thick, obtained from drying a 2,3𝑚𝑔/𝑚𝑙 
suspension at 23°C and 50% of relative humidity, the resulting properties are:   
 𝛿𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 = 1446 𝐾𝑔 𝑚3⁄   
 𝜎𝑓 = 216,85 ± 30,62 𝑀𝐺𝐺𝐺𝐺   
 𝐸𝐸 = 13,10 ± 0,85𝐺𝐺𝐺𝐺𝐺𝐺  
 
 
 
 
 
 
 
 
 
 
 
 
 
The values of 𝜎𝑓 and 𝐸𝐸 are the tensile stress at breaking and the Young modulus respectively. 
The elastic modulus of the membrane is near to the value estimated for the fiber Young´s 
 
 
Fig. 3.5: CNF membrane (in pink) and its SEM cross-section. 
Table 3.8: Elastic properties for some common material (Table taken from wikipedia).  
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modulus in the transversal direction (~12𝐺𝐺𝐺𝐺𝐺𝐺), loosing completely the axial benefit 
(~42𝐺𝐺𝐺𝐺𝐺𝐺). The mechanical properties of a membrane depend on many aspects but the 
principals are: 
1. Fiber orientation: in the membrane the fibers are randomly oriented in the membrane 
plane. This means that different fibers respond in different ways when a stress is 
applied. The progressive orientation of the fibers along a certain direction leads to 
higher stiffness and resistance of the membrane in that direction. Experimentally it 
has be found that for an high orientation degree the membrane Young´s modulus is 33𝐺𝐺𝐺𝐺𝐺𝐺 and the strength is 400𝑀𝐺𝐺𝐺𝐺 (58);   
2. Presence of porosity: as the porosity increases, the mechanical properties 
dramatically decrease. The porosity reduces the film section and it constitutes a 
relevant weak point for the material (eventual cracks can easily start to propagate 
from porous). Normally other phases can be present, as the water trapped inside the 
film during the drying, and this also reduces the material density and resistance. In 
many cases cellulose materials contain a percentage of porosity between 10 and 20%. The porosity is determined during the drying state and it depends also by the 
gas content of the initial suspension; 
3. Fiber mechanical properties: the mechanical properties of the dried film depend 
obviously by those ones of the single fibers. Thus, it is crucial to understand how the 
fiber is structured and how much is the fraction of amorphous phase, since it is the 
weak point of the material. Moreover it is important also to have a clear idea about 
the mechanical properties of the amorphous domains, since in the literature they are 
considered as a rubber or glassy phase; 
4. Interaction between fibers: this interaction can be seen as the coefficient of friction 
between fibers (that depends by the surface geometry/morphology and surface 
composition/functionalization of fibers). The rupture of the membrane can be the 
consequence of two concomitants factors: the rupture of the fibers and the rupture of 
the interface between fibers (sliding of the fibers over each other). The first 
mechanism depends by the fiber properties but the second one depends by the fiber 
interactions;  
5. Quality of initial suspension: the suspension must be homogeneous in order to avoid 
the presence of agglomerates and a non-constant thickness of the final membrane. 
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So, to answer the question of why such a good fiber can produce a membrane with so 
different mechanical properties, it is fundamental to understand how the membrane cross 
section looks like:  
 
 
 
 
 
 
 
 
 
 
From SEM image, it seems reasonable to assume that the fibers are organized in a cross-ply 
configuration, where different layers of parallel fibers are rotated by 90 degrees from each 
other (Fig. 3.6).  
In composite materials the cross-ply configuration is designed in order to have a more 
isotropic material: long fibers are organized, inside a polymeric matrix, at right angles in 
order to increase the mechanical properties of the transversal direction.  
However, in this case the theory of composite materials can not help: all the equations used in 
this field of study expect the presence of a phase, the matrix, that link together the fibers.  
In some approaches the CNF membrane is considered as a composite material with a glassy 
matrix that links cellulose nanostructures (5): this model is consistent with the experimental 
data (𝐸𝐸 = 13,10 ± 0,85𝐺𝐺𝐺𝐺𝐺𝐺) assuming the 10% of cellulose nano-structures with an elastic 
modulus of 150𝐺𝐺𝐺𝐺𝐺𝐺, inside a glassy matrix with a Young´s modulus equal to 2,5𝐺𝐺𝐺𝐺𝐺𝐺.  
However, the CNF membrane can be seen also as a fabric of CNF fibers, which have the 
elastic moduli estimated in §3.3.1.  
The CNF-fabric should have a structure similar to a cross-ply composite material made by 
different fiber layers, oriented at 0 and 90 degrees. The cross section of Fig 3.7 shows that in 
every layer the fibers are organized in different parallel “bouquet”.  
Therefore the modeling of such system can consider: 
1. the CNF membrane made by layers oriented at 90 degrees in respect to each other, 
similar to a cross-ply composite material; 
 
 
Layer 0° 
Layer 90° 
Fig. 3.6: CNF membrane cross section (left) and cross-ply model (right). 
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2. each layer made by many parallel bunches of twisted and entangles fibers; 
 
 
 
 
 
 
 
 
 
 
 
 
 
The issue of the last assumption is to understand how the “twisting” of the fibers can 
influence the elastic modulus of the fabric. In order to overcome this problem it should be 
possible through the theory of textile industry to understand how the young modulus changes 
when there are tangled fibers: a solution can be to model one fiber layer as an ensemble of 
CNF spun yarns parallel to each other. The mechanical properties of a layer made by parallel 
fibers should not be the same to those of a layer made by many parallel yarns.  
Therefore the first idea has been to model the elastic behavior of one of this layer using the 
mechanic theory coming from studies about the elastic properties of plain weave fabrics (59).  
Normally fabric mechanics is described in mathematical form based on geometry. Therefore, 
different models are available, coming from different geometrical hypothesis: in this work is 
adopted the spun yarn Young´s Modulus equation developed by Hearle in 1969 (60). This 
model assumes that: 
1. the fiber yarn is circular and it contains many fibers of limited length and 
homogeneously packed;  
2. the fibers are considered to follow a helical path, with a constant number of turns per 
unit length along the yarn; 
3. the fibers have identical properties and they are perfectly elastic;  
4. the strains involved are assumed to be small;  
 
 
 
Fig. 3.7: “Bouquet” of fibers that sprigs up from the cross section. 
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5. the transverse stresses between the fibers at any point are assumed to be the same in 
all directions perpendicular to the fiber axis. 
The Hearle´s equation attests that the Young´s modulus of the yarn along his axis is: 
 
𝐸𝐸𝑦𝐴 = 𝐸𝐸𝐴 × 1 −
23𝐿𝑓 � 𝐺𝐺𝛾𝑊𝑦1 2⁄ �1 + 4𝜋𝑣𝑓𝜑−1𝜏210−5�1 2⁄4𝜏𝜇 �1 − �1 + 4𝜋𝑣𝑓𝜑−1𝜏210−5�−1 2⁄ ��
1 2⁄
�1 + 4𝜋𝑣𝑓𝜑−1𝜏210−5�  (3.8) 
 
Where: 
 𝐸𝐸𝑦𝐴 is the yarn Young´s modulus along its main axis. The “y” means yarn and “A” is 
for axial; 
 𝐸𝐸𝐴 is the axial elastic modulus of the fiber. In the previous analysis of the CNF 
Young´s modulus the estimation predicts: 𝐸𝐸𝐴 = 42 𝐺𝐺𝐺𝐺𝐺𝐺; 
 𝐿𝑓 is the fiber length and for the CNF is equals to 2𝜇𝑚. In the above formula it must 
be expressed in millimeter; 
 a is the fiber radius and for CNF is equals to 12,5𝑛𝑚, since the fiber diameter is 
estimated to be 25𝑛𝑚. In the above formula it must be expressed in millimeter; 
 𝛾 is the migration ratio. Fiber migration can be defined as the variation in fiber 
position within the yarn. For a spun yarn 𝛾 = 4, and for a first approximation we can 
assume the same value also for the CNF fiber; 
 𝑊𝑦 is yarn count and it as a measure of the linear density. Normally it is expressed in 
“tex”: one “tex” is the weight in grams of one kilometer of fiber length. For CNF: 
𝑊𝑦 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∙ 𝐴𝑟𝑒𝐺𝐺 (3.9) 
For a 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 1500𝐾𝑔 𝑚3⁄  and for a section 𝐴𝑟𝑒𝐺𝐺 = 𝜋𝐺𝐺2, 𝑊𝑦 = 7,4 ∙ 10−7 𝑡𝑒𝑥; 
 𝑣𝑓 is the specific volume of the fiber. The specific volume is 0,65𝑐𝑚3 𝑔⁄  for a cotton 
fiber. For the CNF fiber 𝑣𝑓 = 1 𝑑𝑒𝑛𝑠𝑖𝑡𝑦⁄  = 0,67𝑐𝑚3 𝑔⁄ ; 
 𝜑 is the packing fraction. A reasonable value for CNF fibers is 𝜑 = 0,9, and this 
means that the fibers are well packed in the yarn; 
 𝜏 is twist factor. This parameter measures how much twisted is the yarn and can be 
calculated by counting the number of twists in an inch of yarn. Migration and twist are 
two necessary components to generate strength and cohesion in spun yarns. Twist 
increases the frictional forces between fibers preventing their reciprocal sliding, while 
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fiber migration ensures that some parts of the all fibers are locked in the structure. The 
twist factor is expressed in tex1/2turn/cm:  
𝜏 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠 𝑝𝑒𝑟 𝑐𝑚 𝑙𝑒𝑛𝑡𝑔ℎ ∙ �𝑊𝑦 (3.10) 
 𝜇 is coefficient of friction of the fiber. For the cellulose this value is: 𝜇 = 0,96. 
The parameter that affects a lot the (3.8) is the twist factor. The dependence of the yarn 
Young´s modulus from the number of turns is showed in the next Fig. 3.8. 
 
 
 
 
 
 
 
 
 
 
 
Qualitatively Fig 3.8 means that the more snarled are the fibers, more is the reduction of the 
roving Young´s modulus. This effect of twisting on the elastic properties is well known in the 
textile field: “…the twist could only increase the inter-fiber friction and decrease the elastic 
modulus of the roving...” (61). 
A reasonable value for the twisting factor can be 8 𝑡𝑢𝑟𝑛𝑠/𝜇𝑚: this means 1 turn every 
125nm. Using the last value: 𝐸𝐸𝑦𝐴 = 29𝐺𝐺𝐺𝐺𝐺𝐺.  
Moreover for two subsequent layers the yarns are oriented at 90 degrees in respect to each 
other: therefore, the yarns with the axis parallel to the tensile stress will exhibit the axial 
Young´s modulus, but the yarns at 90 degrees will give the Transversal Young´s modulus 
(Fig. 3.9). So the problem is to estimate the transversal elastic modulus of the yarn. 
The transversal Young´s modulus of the single CNF fiber could be equals to is 𝐸𝐸𝑇 = 12𝐺𝐺𝐺𝐺𝐺𝐺. 
Using the last value in Eq. (3.8), instead of 𝐸𝐸𝐴, it should be possible to have a first 
approximation of the yarn´s transversal elastic modulus: 𝐸𝐸𝑦𝑇 = 8𝐺𝐺𝐺𝐺𝐺𝐺. 
 
 
Fig. 3.8: The yarn axial Young´s modulus decreases as the twist increases. 
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The elastic properties of element in Fig. 3.9 can be estimated with a “rule of mixtures” 
normally used to approximate the elastic modulus of cross-ply laminate (62): 
 
𝐸𝐸𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒 = 𝑚𝐸𝐸0 + 𝑛𝐸𝐸90𝑚 + 𝑛  (3.11) 
  
Where 𝐸𝐸0, 𝐸𝐸90, m, and n are respectively the Young´s modulus of 0- and 90- layer and the 
number of layers. Considering the same numbers of 0 and 90 degrees layers the Eq. (3.11) 
becomes: 
𝐸𝐸𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒 = 𝐸𝐸0 + 𝐸𝐸902  (3.12) 
 
Using 𝐸𝐸𝑦𝐴 and 𝐸𝐸𝑦𝑇 instead of 𝐸𝐸0 and 𝐸𝐸90 the elastic modulus for the element in Fig. 3.9 
results to be ~19𝐺𝐺𝐺𝐺𝐺𝐺. A CNF membrane is made by the connection of many of such 
elements. To evaluate how the porosity influences the Young´s modulus could be useful the 
theory about porous particulate materials. The simplest model is to consider the elastic 
modulus of the material inversely proportional to the porosity (79): 
𝐸𝐸 = 𝐸𝐸𝑐(1 − 𝜑) (3.13) 
Where 𝐸𝐸 and 𝐸𝐸𝑐 are the elastic moduli of the porous material (with a porosity 𝜑) and of the 
bulk respectively. Therefore, the Young´s modulus of the membrane is further reduced by the 
Fig. 3.9: Yarns organized in different layers  
1 
2 
3 
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presence of porosity, and considering the 20% of porosity and bulk elastic modulus of 19𝐺𝐺𝐺𝐺𝐺𝐺 
the above Eq. (3.13) gives a value of ~15𝐺𝐺𝐺𝐺𝐺𝐺, that is quite near to the value measured for a 
nanocellulose membrane (~13𝐺𝐺𝐺𝐺𝐺𝐺).    
         
3.4 Theoretical models and predictions for CNF Nano-composite 
membranes  
A way to improve the mechanical properties of the CNF membrane is to use a filler, in such a 
way to make a composite material (ANNEX B-3). Normally, the filler should have better 
mechanical characteristics, in order to be considered as reinforcement and must be compatible 
with the matrix. In order to increase the mechanical properties of the CNF films it has been 
used graphene oxide as nanofiller and the results have been already presented in the beginning 
of this chapter. However, GO doesn´t change in a considerably manner the initial film´s 
properties. To understand the reasons of the poor benefit led by GO on the CNF mechanical 
behavior, it is a good idea to use some predicting models for composite materials. 
The “fabric” model for the CNF membrane presented previously has many parameters and 
approximation and the adding of another phase would complicate too much the system. 
Therefore, the CNF+GO membrane has to be modeled according another points of view: one 
solution could be to consider the CNF as the “matrix” of a composite material (without 
thinking about fibers, crystalline or amorphous domains) and GO as a nano-reinforcement. 
This matrix will have the same mechanical properties measured for the neat CNF membrane, 
so, for instance, the Young´s modulus will be: 𝐸𝐸 = 13,10 ± 0,85𝐺𝐺𝐺𝐺𝐺𝐺. 
In this section, the attention will be focused again on the elastic behavior, but in this case for 
the CNF-GO composites.  
The models for the prediction of the mechanical properties of composite materials are a good 
instrument not only for making interpretations about the final experimental results, but they 
can be used also for design new materials, since they can help to understand which are the 
main factor that influence the mechanics. 
In general, to design a new composite is necessary to know which will be its applications 
during the life time: in particular, one important aspect is to define the state of stress that the 
material will have to tolerate. Since, composite materials are normally anisotropic, they must 
be designed in such a way to show the best mechanical properties where they will be more 
stressed. For example, for a polymeric material reinforced with long parallel fibers, the higher 
strength and elastic modulus are in the same direction of the fiber axis and therefore the load 
63 
 
  Chapter 3 
should be applied  in that direction. Usually a membrane during its life is many times stressed 
by a planar state of stress: thus the filler could have a “plate” geometry, since the resistance 
along the thickness is not so much relevant (however, also the shear stress and strains are 
important). Moreover the filler should be well dispersed (importance of rheology) and the 
flakes must be parallel to membrane plane.  
 
3.4.1 Young’s modulus prediction for CNF nanocomposite membranes 
In the literature are present many different models to describe the elastic behavior of 
composite materials; some of them care just about the Young’s moduli of matrix and 
reinforcement, but others focus their attention also in the filler aspect ratio (63) (ANNEX B-4).  
In this study the “Hui and Shia” model will be used, since it predicts of composite with 
aligned reinforcements with emphases on fiber-like and flake-like reinforcements (64): 
𝐸𝐸𝐴 = 𝐸𝐸𝑚 �1 − 𝜙𝜉�−1 (3.13) 
𝐸𝐸𝑇 = 𝐸𝐸𝑚 �1 − 𝜙4 �1𝜉 + 3𝜉 + 𝛬��−1 (3.14) 
Where 𝐸𝐸𝐴 and 𝐸𝐸𝑇 are respectively the composite axial and transversal elastic moduli. 
Moreover: 
𝜉 = 𝜙 + 𝐸𝐸𝑚
𝐸𝐸𝑓 − 𝐸𝐸𝑚
+ 3(1 − 𝜙) �(1 − 𝑔)𝛼2 − 𝑔/2
𝛼2 − 1 � 
 
(3.15) 
 
𝛬 = (1 − 𝜙) �3(𝛼2 + 0.25)𝑔 − 2𝛼2
𝛼2 − 1 � (3.16) 
𝑔 =
⎩
⎪
⎨
⎪
⎧ 𝛼(𝛼2 − 1)3/2 �𝛼�𝛼2 − 1 − 𝑐𝑜𝑠ℎ−1𝛼�        𝛼 ≥ 1
𝛼(1 − 𝛼2)3/2 �−𝛼�𝛼2 − 1 + 𝑐𝑜𝑠−1𝛼�        𝛼 ≤ 1                                       (3.17) 
 
𝜙 is the volume fraction of the filler and 𝛼 is the aspect ratio, defined as the ratio of the filler´s 
longitudinal length to its transverse length. 
The previous Eq. (3.17) can be simplified for composite containing aligned platelet 
inclusions: 
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𝑔 = 𝜋2 𝛼 (3.18) 
Where the aspect ratio 𝛼 = ℎ/𝑑 is the ratio of thickness ℎ over width 𝑑 of the inclusion (Fig. 
3.10). In the literature are reported the elastic properties of many different kind of platelets 
used to design nanocomposite materials but the ones with the highest modulus are pure 
Graphene nano-sheets (Table 3.9) (65): 
SHEETS 𝑬 (𝑻𝑷𝒂) SINGLE layer 
thinkness (Å) 
SL-Graphene 1,059 3,31 
BL-Graphene 1,059 3,32 
TL-Graphene 1,058 3,32 
4L-Graphene 1,055 3,32 
Graphite (bulk) 1,055 3,32 
SL-BN 0,898 3,19 
BL-BN 0,891 3,19 
TL-BN 0,886 3,19 
h-BN (bulk) 0,880 3,19 
SL-WS2 0,251 6,14 
WS2 (bulk) 0,242 6,17 
SL-MoS2 0,222 6,12 
MoS2 (bulk) 0,219 6,14 
SL-MoSe2 0,188 6,35 
MoSe2 (bulk) 0,188 6,36 
SL-MoTe2 0,132 6,87 
MoTe2 (bulk) 0,132 6,91 
 
Applying the Hui-Shia model for a flake of with these characteristics: 
 𝐸𝐸𝑓 = 1059𝐺𝐺𝐺𝐺𝐺𝐺; (as the graphene sheets); 
 𝜙 = 12%; 
 𝛼 = ℎ
𝑑
= 8 ∙ 10−5; (for a flake 25μm large and 2nm thick); 
 
Table. 3.9: Young´s Moduli for different nano-sheets.  
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the final CNF composite membrane should theoretically increases its Young Modulus one 
order magnitude from 13GPa to 137GPa. Although the model says that a relevant 
improvement of the membrane elastic properties can be obtained adding a small amount of 
graphene, just ~10% in volume, there are some practical problems: 
 It is difficult to well disperse the graphene nanosheets because they tend to 
agglomerate and then the nanoscale benefit is lost; 
 the interface between matrix and nanofiller is a relevant parameter since it can 
increase or decrease considerably the final mechanical properties of the composite; 
however the H-S model doesn’t consider this phase, which effect is difficult to predict; 
 in the previous model all the nanosheets must be aligned to the membrane plane in 
order to explicate the best properties. 
 
3.4.2 Young’s modulus prediction for CNF-GO membranes 
The choosing of GO as nanofiller for CNF composite membranes has been done since 
graphene oxide can be well dispersed in aqueous medium, while graphene needs surfactants 
to stabilize its suspension.  
 
 
 
 
 
Fig. 3.10: CNF membrane with nanosheets.  
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Fig. 3.11 shows, on the right, the cross-section of the CNF membrane with 10%GO: the 
layered structure of Fig. 3.7 seems to be lost and entangled “yarn” structures are not seen 
anymore. Some more information about CNF-GO membranes can be obtained through 
polarized Raman scattering. All carbons show common features in their Raman spectra: the 
so-called G and D peaks, around 1580 and 1350 cm-1 respectively (66) (Fig. 3.12). The D peak  
intensity is related to the amount of disorder of graphene layers and not to the number of 
flakes (67,68): for a low number of structural defects, which is indicative of high cristallinity, 
the D peak could not be seen and it is present just at the flakes edges since they act as defects 
(69). From Fig. 3.12 a high intensity for the D-band can be seen, and this means a high number 
of structural defects for the GO sheets and it is well know that higher is the number of defects 
higher will be the drop in mechanical properties (70). 
 
 
 
 
 
 
 
 
 
 
Furthermore, polarized Raman shows that the GO nano-sheets are parallel to the membrane 
plane (Fig. 3.13). 
       
Fig. 3.11: SEM  image of one GO sheet (left) and of CNF-GO membrane cross section (right) 
     
 
Fig. 3.12: Polarized Raman scattering spectra for CNF+2,5%GO.  
D 
G D G 
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Therefore when the membrane is load along one direction parallel to its plane, all the flakes 
respond with their maximum resistance and Young´s modulus since they are aligned in the 
same direction. 
However enormous number of structural defects in graphene oxide leads to low mechanical 
properties: 
 𝐸𝐸𝐺𝑂 = 22 − 42𝐺𝐺𝐺𝐺𝐺𝐺 (71,72,73); 
 𝑈𝑇𝑆 (𝑚𝐺𝐺𝑥. 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ) = 15 − 193𝑀𝐺𝐺𝐺𝐺 (71,72,73). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.14: Young´s Modulus experimental data compared with Hui-Shia model.  
      
Fig. 3.13: I(D)/I(G) at different angles.  
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Some articles report the possibility to improve these mechanical properties via modification 
of the functional groups on graphene oxide sheets, in particular using divalent cations (Mg2+ 
or Ca2+) to crosslinks edge-bound carboxylic acid groups of adjacent flakes (11). In this case 
the improvement can be around 10-40% for the elastic modulus and 10-80% for the tensile 
strength.  Applying the Hui-Shia for 𝐸𝐸𝐺𝑂 = 22 and for 𝐸𝐸𝐺𝑂 = 42 it is possible to obtain the 
upper and the lower limits for the composite Young´s Modulus (Fig. 3.14). 
Different hypothesis can be done in order to explain why the Hui-Shia model predicts a lower 
modulus than the one determined experimentally: 
1. the model cannot be suitable for this kind of composite membranes; 
2. the model doesn’t care about the interface contribution on the overall elastic modulus. 
How the interphase affects the nanocomposites properties is still unknown, however 
some suppositions are: 
 the interphase refined the grain size of matrix leads to smaller critical flaw 
size and higher strength; 
 the nanofillers impart additional strength of their own matrix through the 
interphase. 
To estimate the elastic modulus of the interphase in polymer nanocomposites, Saber 
Samandari and Khatibi (74) developed a 3D unit cell model to represent the three 
constituent phases. 
The elastic modulus of the interphase at any point, r, is described by a power law as: 
𝐸𝐸𝑖(𝑟) = 𝐸𝐸𝑚𝑟𝑖𝑟 + �𝐸𝐸𝑓 − 𝐸𝐸𝑚𝑟𝑖/𝑟𝑓� �𝑟𝑖 − 𝑟𝑟𝑖 − 𝑟𝑓�𝑛/2 (3.19) 
Where Em and Ef are matrix and nanoparticle elastic moduli respectively, 𝑟𝑓 and 𝑟𝑖 
are the filler and the interphase radii, and n is the intragallery enhancement factor 
which depends on the chemestry and surface treatment of the particles considered; 
3. the GO could change the orientation of the CNF fiber inside the membrane (Fig. 
3.11) in such a way to increase the Young’s modulus. 
 
3.5 Discussions 
Despite many argumentations in the literature about the exceptional mechanical properties of 
CNF fibers, it is quite hard to see these extraordinary features for a neat CNF membrane. This 
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is due by many factors and the presence of porosity is one of the most cited causes to explain 
the low mechanical properties of such films. Importantly, from different kind of models it 
seems reasonable that the CNF Young´s modulus is influenced negatively by the presence of 
amorphous phase, which can be considered approximately as a polymeric glass. However, the 
studies of these amorphous regions that connect different nanocellulose crystals inside the 
fibrils seem to not attract the researching interest: to better comprehend the mechanic 
behavior of CNF is indispensable to evaluate the properties of such amorphous regions and 
how they are connected with the crystalline domains. Examining in detail the cross-section of 
a CNF membrane it seems that the fibers dispose their selves not in a totally random 
orientation, but they make a structure really similar to a cross-ply composite, loosing in this 
way the benefit of the high mechanical properties of the axial crystalline phase. In fact, it is 
well known that a preferential orientation of the CNF fibers along a particular direction 
improve the mechanical properties of the film: in this way the fibers “answer” (resist) better to 
an external load applied in that direction. In this Chapter a new approach to estimate the 
elastic behavior of a neat CNF membrane considering it as a cross-ply fabric of fibrils has 
been considered. This effort in the modelling proposed to give some qualitative interpretations 
and hypothesis about the mechanic of such films. This model could be further improved, 
considering other equations coming from textile and composite materials theory, or 
considering other factor of influence that has been neglected or approximated; a further 
evolution of the modelling can consider the membrane not as a cross-ply but as real fabric 
made by warp and weft.     
A common practice to increase the mechanical behavior of CNF membrane is to add 
inorganic fillers in order to make a composite material. One way to make these composites is 
to start from the initial suspension and therefore the filler should be well dispersible in the 
same medium that contains the fibers. The kind of mixing and the functionalization of the 
inorganic particles are essential parameters to consider for make an homogeneous suspension 
and a good composite, in which the reinforcement is well distributed in all the volume. The 
GO flakes have similar functionalization to the carboxymethilated fibers, and this turns out in 
benefit for the homogeneity. However, this functionalization is responsible to the high 
numbers of structural defects inside the nano-flakes (how it is possible to see from the 
Raman-spectroscopy), and this leads to lower mechanical properties. In literature are reported 
values for the GO elastic modulus lower than those registered for the neat CNF membrane. 
One way to improve these nanocomposites is to try to “repair” these defects or modifying the 
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functionalization in order to crosslink the CNF fibers with the flakes. A solution can be to test 
the mechanical properties of nano-composite materials made by carboxymethilated CNF 
fibers, GO flakes and divalent cations (as Ca2+). Other ways, can be to change filler and try to 
make a Graphene-CNF nancomposite, since Graphene has enormous mechanical properties or 
make a anisotropic CNF-inorganic composite with the fibers oriented prevalently in one 
direction.  
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CHAPTER 4 
  BARRIER PROPERTIES 
Transparent CNF films can be used for different applications: food packaging, electronic 
devices or as reinforcement in nanocomposites (1). 
These bio-based materials together with inorganic nanomaterials can combine impressive 
properties with a total environmental friendly impact (2). One of the studied characteristics is 
the (low) permeability to substances as water, oxygen or organic solvents, which is a crucial 
parameter for barrier applications. In this regard, the physical structure (as the degree of 
crystallinity) (80) and the chemical composition (as the surface functionalization) (81) of CNF 
plays a key role on its permeability. Moreover the presence of impermeable flakes or lamellae 
in the membrane permits to achieve a much lower permeability (82). 
This Chapter is initially focused on the analysis of the water vapor transfer rate of such 
materials, comparing then these results with those obtained in other studies and with the 
requirements necessaries for food packaging.  
In the end, also an initial study about the ethanol vapor transmission rate is presented. 
 
4.1 Experimental conditions 
The water vapor transmission rate (WVTR) has been measured by the device in Fig. 1.15  
(§1.2.10), at 23°C and 50%RH, using the equation (1.26). It is fundamental to specify 
thickness of the film, temperature and the partial pressure difference of water vapor during the 
WVTR measurement.   
The same principle has been applied to calculate the ethanol vapor transmission rate: in this 
case the RH of the chamber was equal to 20%, combined with high ventilation in order to 
promote the ethanol evaporation. Rather than using silica, the cup has been filled with 10ml of 
ethanol, measuring the rate of solvent vapor passing from the cup, through the film, to the 
external environment. 
  
4.2 WVTR of CNF nano-composite membranes 
4.2.1 Parameters of influence on the WVTR of CNF membranes 
The pure CNF film permeability depends on many parameters and the most important ones 
are: 
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1. The source of CNF and production treatment; different sources have different 
chemical characteristics and different polymorphisms. For example, CNF from 
bleached hardwood seems to show the highest water vapor barrier property. From the 
choice of the source, depends all the other parameters (83).   
2. Degree of crystallinity; more ordered is the structure, more difficult is for water 
molecules to pass through. CNC films would seem to provide more of a barrier to 
water (80). 
3. Entanglement and nanoporosity; these two parameters seems to exert a very high 
influence on barrier properties (84).    
4. Pre-treatments: carboxymethylated CNF films possess a lower water vapor 
permeability than enzymatic pretreated CNF films, since they are characterized by a 
lower water diffusivity (81). Therefore also the fiber’s surface functionalization can 
influence the barrier properties. 
5. Post-treatments: another way to reduce the WVTR is to treat the dried film, through, 
for instance, a hydrophobic surface coating (85). This parameter can influence 
significantly the barrier properties because the CNF membrane is highly hydrophilic 
due to the presence of carboxylic groups on the fiber’s surface. 
The neat CNF is also defined as “native network”, due to the fact that the fibers are strongly 
entangled. Moreover, these membranes are soluble in water: this means that water molecules 
can easily diffuse between different fibers (since the fibers are carboxymethylated, the –COO- 
groups can be surrounded by water without difficulty). 
To increase the effective path length of water molecules along the membrane cross section, it 
is possible to design a “fiber-brick composite” material through the adding of inorganic 
nanoplates (2). Therefore it is necessary to have these flakes aligned with the membrane plane 
(this has been already verified by polarized Raman scattering, §3.4.2) in order to make more 
tortuous and long the diffusivity path orthogonally to the film. 
The theory also affirms that the two flakes parameters that influence more the membrane´s 
permeability are the content of filler and its aspect ratio (82). 
In this study the effect of graphene oxide (GO) and reduced-GO flakes for a CNF fiber-brick 
composite material is considered. Furthermore, also the role of calcium ions is analyzed, since 
they can modify the interaction between fibers and reduce their hydrophilicity (–COO- are 
coordinated by Ca2+ cations). 
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4.2.2 WVTR Results  
The WVTR is a factor highly influenced by the experimental conditions and by the membrane 
thickness. It has been found that:  
𝑊𝑉𝑇𝑅 = 𝑃 ∙ (𝑝2 − 𝑝1)
𝑙
 (4.1) 
Where P is the coefficient of permeation, (𝑝2 − 𝑝1) is the partial pressure difference between 
the film’s surface and l is the thickness of the film. So, thicker is the film lower is the water 
vapor transmission rate (𝑊𝑉𝑇𝑅 ∝ 1/𝑙). 
The dependence of the WVTR from the thickness (and therefore from the film weight, since 
all the films have the same area) can follow a power law (86).  
Sometimes, to evaluate the water barrier property, for food packaging applications instead of 
WVTR is considered another parameter: the “thickness normalized flux”, N (87). N is the 
WVTR multiplied by the thickness, l, of the film: 
𝑁 = 𝑊𝑉𝑇𝑅 ∙ 𝑙 (4.2) 
The thickness normalized flux is expressed in 𝑔 𝑚𝑚/𝑚2𝑑. 
However, it is quite difficult (and takes a lot of time) to measure the thickness of each film. In 
this sense it is more convenient to calculate it from the grammage, g: 
𝑙 = 𝑔
𝜌
 (4.3) 
Where 𝜌 is the film density. It is necessary to be careful with 𝜌, because it can change 
considerably with small amount of GO or r-GO flakes. GO and r-GO nanosheets have 
approximately the same density of the bulk graphite density, so 𝜌𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 ≅ 𝜌𝐺𝑂 = 𝜌𝑟−𝐺𝑂: 
then, two films with the same grammage and percentage of nano-flakes have the same 𝜌, also 
if one contains GO and the other r-GO.  
The problem is to estimate the fluorinated CNF membrane. After the fluorination the 
membrane results to be thicker, and for many polymers (PS, PC, PMMA) the thickness of the 
fluorinated layer is proportional to the square root of the fluorination duration (88). However it 
should be possible to calculate the thickness of the fluorinated CNF film considering its final 
weight and the density of the fluorinated layer, 𝜌𝑓. 
The total mass of a membrane fluorinated in both surfaces can be calculated as (89): 
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𝑚𝑡𝑜𝑡 = 𝜌𝑣 ∙ 𝑆 ∙ 𝑡𝑣 + 𝜌𝑓 ∙ 𝑆 ∙ 2𝑡𝑓 (4.4) 
 Where 𝜌𝑣 and 𝑡𝑣 are respectively the density and the thickness of the virgin film (neat 12𝑔/𝑚2 CNF, so 𝜌𝑣 = 1445𝐾𝑔/𝑚3 and 𝑡𝑣 = 8.3𝜇𝑚), S is the surface area, 𝜌𝑓 and 𝑡𝑓 are the 
density and the thickness of the fluorinated layer. The density of the fluorinated layer depends 
slightly by its thickness: between 1-6µm the density is 1600 − 1900𝐾𝑔/𝑚3. Using Eq. (4.4), 
𝑡𝑓~15𝜇𝑚 and since there are two fluorinated surface the total thickness is ~38𝜇𝑚 for a CNF 
membrane with a grammage of 12𝑔/𝑚2 and fluorinated for 25 minutes. 
The measured values of the WVTR and N for different CNF composite membranes are 
reported in the following Table 4.1.  
Material Grammage (g/m2) 
Density 
(Kg/m3) 
Thickness 
(mm) 
WVTR 
(𝒈/𝒎𝟐𝒅) N (𝒎𝒎 ∙ 𝒈/𝒎𝟐𝒅) 
CNF 12 1445 8.3 ∙ 10−3 275 2,28 
CNF + 2,5%GO 
vortex 8 1642 4.8 ∙ 10−3 297 1,42 
CNF + 2,5%GO 
vortex+shaking 8 1642 4.8 ∙ 10−3 254 1,22 
CNF + 2,5%GO 
vort+rolling 8 1642 4.8 ∙ 10−3 249 1,20 
CNF + 2,5%GO 
vort+turax 
13500rpm 5min 
8 1642 4.8 ∙ 10−3 225 1,08 
CNF + 0,2%Ca 12 1445 8.3 ∙ 10−3 228 1,89 
CNF + 0,75%Ca 12 1445 8.3 ∙ 10−3 258 2,14 
CNF + 1,5%Ca 12 1445 8.3 ∙ 10−3 256 2,12 
CNF + 3%Ca 11 1445 7.6 ∙ 10−3 222 1,69 
CNF + 5% Ca 12 1445 8.3 ∙ 10−3 272 2,26 
CNF + 1%r-GO1min 12 1481 8.1 ∙ 10−3 213 1,73 
CNF +1%r-
GO10min 
12 1481 8.1 ∙ 10−3 251 2,03 
Fluorinated CNF 
for 15 minutes 12 / ~31 ∙ 10−3 169 5,24 
Fluorinated CNF 
for 25 minutes 12 / ~38 ∙ 10−3 154 5,8 
 
The density of the films with calcium has been taken equal to that one for a pure CNF 
membrane. Any kind of under-estimation of the density led to an over-estimation of  N, so it 
is better to take a low value of 𝜌, if necessary, in order to have a more “conservative” value of 
N.  
The thickness normalized flux permit to evaluate qualitatively how much the thickness 
influences the water vapor permeability of the membrane (Fig. 4.1). 
The best result is obtain for 2.5% GO, mixed with Turrax at 13500rpm. In this case the water 
barrier property is increased by about ~53%. Small improvements are seen also with calcium 
Table 4.1: WVTR for different CNF composite membranes (T=23°C and 50%RH).  
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or reduced GO flakes. The percentage of GO has been chosen equal to 2.5% because it is the 
concentration that gave the maximum mechanical properties. 
Moreover, different kinds of mixing seem to modify slightly the WVTR and a tendency has 
been seen also during the rheological measurements of the initial suspensions. 
The fluorinated membranes show a low WVTR because first of all the membrane results 
much more thick after the treatment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.3 Membrane hydrophobicity  
Another important parameter that characterizes the membrane is its superficial 
hydrophobicity. The hydrophobicity can be measured evaluating the contact angle of a water 
drop over the surface. The contact angle, θ, is the angle where a liquid-vapor interface meets a 
solid surface (Fig. 4.2).  
The contact angles have most often been used to estimate “surface energy” or “surface 
wettability”, lead to classification of surfaces as “hydrophilic” or “hydrophobic” or “polar” or 
“non-polar” or “wetting” or “non-wetting”. These types of classifications may be misleading 
 
Fig 4.1: Thickness normalized flux for different composite membranes (T=23°C and 50%RH).  
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or wrong in some cases, so it is necessary to be careful and use this evaluation for qualitative 
interpretations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this study the estimation of the contact angles has been done with a normal camera putting 
a 50µl water drop over different CNF composite membranes: 
Substrate Procedure Picture 
PETRI-DISH 
(example) / 
 
PRISTINE CNF film / 
 
CNF film + GO layer 
CNF film  
immersed for 
2 seconds in a 
GO solution 
0.2mg/ml 
 
 
Same Liquid 
(different solid) 
 
 
 
 
 
 
 
 
 
 
Solid surface 
energy increasing 
Fig 4.2: Contact angles for solid with different surface energy.  
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CNF film + 
fluorinated layer 
CNF film 
fluorinated 
with 
fluorosilanes 
through PVD 
for 15 minutes 
 
CNF + 2.5%GO / 
 
CNF + 1% r-GO 
1minute / 
 
CNF + 0.75% 
Calcium / 
 
CNF + 5% Calcium 
/ 
 
 
The contact angle of pristine CNF seems to be quite low: this could be consequence of the 
CNF hydrophilicity (good wettability), together with the capillary forces exerted by the nano-
pores present on the surface. The addition of calcium, graphene oxide or reduced-GO to the 
film does not change considerably the hydrophobicity (wettability) of the membrane. 
However, the fluorinated or a GO layer on the surface, give a more spherical water drop. The 
graphene oxide flakes present the carboxylic groups just in their edge and therefore the center 
of the flake is more hydrophobic: for this reason, the membrane surface is more hydrophobic 
if the GO sheets are aligned on its surface. 
Table 4.2: Qualitative estimation of contact angles of water drops over different CNF composites.  
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4.2.4 Comparison between results and literature  
The membranes described until now could find application in the food packaging in the near 
future. The common materials used for food packaging are polymers and they show incredible 
water vapor permeability (90):  
 
Material N (𝒎𝒎 ∙ 𝒈/𝒎𝟐𝒅) 
PVdC copolymer 0,041-0,197 
Polypropylene 0,078-0,157 
HDPE 0,001-0,002 
Polyvinyl Chloride 0,197-0,315 
LDPE 0,315-0,590 
PET 0,01-0,1 
EVOH copolymer 5,46 
Nylon 6 6,34-8,63 
 
 
In this study the best result has been obtained for CNF with 2.5% of GO: N=1.08 𝑚𝑚 𝑔/𝑑 ∙
𝑚2 for T=23°C and RH=50%. Polymeric membranes show results much better than the ones 
for cellulosic film in more aggressive conditions (T=38°C and RH=95%).  
The problem to compare data of different sources in the literature arises when WVTR data are 
achieved for different experimental conditions (different temperature and relative humidity). 
However, in general many materials show a linear relation of WVTR with the relative 
humidity, while the trend is exponential with the temperature (86). For example, for a film of 
20g/m2 LDPE and considering 𝜌𝐿𝐷𝑃𝐸 = 930𝐾𝑔 𝑚3⁄  (so 𝑙 = 21.51 ∙ 10−3𝑚𝑚) the 
dependence of N from RH and T is shown in the next Fig. 4.3. 
 
 
 
 
 
 
 
 
 
 
 
Table 4.3: WVTR for different polymeric membranes (T=38°C and 95%RH) (table taken from (90)).  
 
 
Fig 4.3: Dependence of N of LDPE from T and RH (86).  
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The discussion that follows now try to estimate the thickness normalized flux of CNF 
composite membranes for T=38°C and RH=95%, considering them as LDPE films. 
This estimation has been necessary for the impossibility to test many samples in a short time. 
For T=30° and HR=50%, the measured N for a pure CNF membrane is 3.02 𝑚𝑚 𝑔/𝑑 ∙ 𝑚2. 
Therefore for a ∆𝑇 = 30 − 23 = 7°𝐶 there is a ∆𝑁 = 3.02 − 2.28 = 0.74 𝑚𝑚 𝑔/𝑑 ∙ 𝑚2, 
that correspond to an increase of ~32% of the thickness normalized flux (maintaining 
RH=50%). 
For ∆𝑇 = 30 − 23 = 7°𝐶 and RH=50% the N of LDPE increases of ~68%, so it means that 
the N of CNF is less subjected to the Temperature than the one of LDPE. 
Therefore, using the dependence NLDPE vs T for CNF vs T, there should be an overestimation 
of the N of CNF for different Temperatures.  
From the previous LDPE graph, N at 38°C is the double to that one attested for 30°C 
(considering the same RH=50%). If it is considered the same trend also for CNF film, 
𝑁~6𝑚𝑚 𝑔/𝑑 ∙ 𝑚2 for T=38°C and RH=50%.  
Using also the dependence NLDPE vs RH for the CNF, it is possible to obtain 𝑁𝑁𝐹𝐶~12𝑚𝑚 𝑔/
𝑑 ∙ 𝑚2  for T=38°C and RH=95%. 
Considering then, that an adding of 2.5% of GO improve ~53% the N of neat CNF film, it is 
reasonable that: 𝑁𝑁𝐹𝐶+2.5%𝐺𝑂~6 𝑚𝑚 𝑔/𝑑 ∙ 𝑚2 for T=38°C and RH=95%.  
Of course these CNF composite membranes must be improved and better designed in order to 
meet the requirements for food packaging applications, because for now polymeric films offer 
higher performances. However biomaterials have the extraordinary quality of total 
environmental friendliness (93), which is the main reason for which it should be necessary to 
invest more time and efforts to develop them. In order to define the quality of the obtained 
WVTR data it should be useful to compare them with those achieved for other biomaterials.  
TMA-CNF membranes with different types of layered silicates (50 wt%) shows the WVTR 
and thickness normalized flux reported in the following Table 4.4 (45). 
 
Material Thickness (mm) 
WVTR 
(𝒈/𝒎𝟐𝒅) N (𝒎𝒎 ∙ 𝒈/𝒎𝟐𝒅) 
Commercially used 
base paper 
0,130 1087 141,31 
Non-modified CNF 0,047 321 15,09 
Non-modified 
CNF/Mica R120 
0,052 260 13,52 
TMA-CNF 0,063 284 17,89 
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TMA-
CNF/montmorillonite 
EXM1246 
0,053 451 23,90 
TMA-CNF/Kaolin 
Barrisurf HX 
0,068 223 15,16 
TMA-CNF/Talc 0,076 204 15,50 
TMA-
CNF/Vermiculite 
grade 4 
0,067 189 12,66 
TMA-CNF/Mica 
PW30 
0,064 197 12,61 
TMA-CNF/Mica 
R180 
0,082 167 13,69 
TMA-CNF/Micavor 
20 
0,119 262 31,18 
TMA-CNF/Mica 
MU-M 2/1 
0,055 359 19,75 
TMA-CNF/Mica 
SYA 31R 
0,046 221 10,17 
TMA-CNF/Mica 
Sublime 325 
0,051 184 9,38 
TMA-CNF/Rona 
Flair Silk Mica 
0,050 232 11,6 
TMA-CNF/Mica 
SX400 
0,078 323 25,19 
TMA-CNF/Mica 
R120 
0,051 104 5,30 
 
 
 
The composite CNF-2.5%GO has water vapor barrier properties, in the major cases, better 
than the CNF composites of the previous table. Moreover, the quantity of nano-filler used is 
really low, 2.5% in weight, while for the CNF-silicate membranes has been used the 50% in 
weight.  However, other works report better results, as the case for nanocellulose composite 
membranes with vermiculite (49): 
 
Material Thickness (µm) 
WVTR 
(𝒈/𝒎𝟐𝒅) N (𝒎𝒎 ∙ 𝒈/𝒎𝟐𝒅) 
CNF 5,7 ± 0,1 70,3 0,40 
CNF+5%ver 4,9 ± 0,2 25,2 0,12 
CNF+10%ver 5,6 ± 0,1 20,2 0,11 
CNF+20%ver 5,8 ± 0,2 15,4 0,09 
 
  
 
 
 
Table 4.4: N and WVTR for commercially used base paper, non-modified CNF film and TMA-CNF 
composites (Table taken from (45)).  
Table 4.5: N and WVTR for CNF-vermiculite composites (T=23°C and RH=50%) (45). 
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4.3 Ethanol-VTR of CNF nanocomposite membranes 
In order to test the organic gas permeability of CNF composite membranes, experiments have 
been conducted measuring the ethanol vapor transmission rate. 
Using the device in Fig. 1.15 and filling it with 7 grams of ethanol, the evaporation rate has 
been determined first without any kind of membrane, at 23°C and RH=20%. 
In such conditions, three hours are sufficient to loose (evaporate) almost 50% of the ethanol 
contained in the cup. Furthermore, the evaporation seems to have a linear trend with the time: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to be able to compare different data a parameter similar to the WVTR (or N) , has 
been used: instead of measuring the weight of the adsorbed water per day and per unit area, it 
has been evaluated the weight of ethanol lost through evaporation per day and per unit area. 
Material Thickness (µm) 
Ethanol-VTR 
(𝒈/𝒎𝟐𝒅) N (𝒎𝒎 ∙ 𝒈/𝒎𝟐𝒅) 
CNF 8.3 113 0,93 
CNF + 2,5% r-GO 5min 7.3 80 0,58 
CNF + 6.3% r-GO 5min 7.4 79 0,59 
CNF + 2,5% r-GO 1min 7.3 69 0,50 
CNF + 13.5% r-GO 1min 7.2 81 0,58 
CNF + 5% GO 7.5 96 0,72 
 
 
 
The presence of reduced-GO influence the ethanol vapor transmission rate more than GO and 
it possible to have low ethanol vapor permeability with low content in nanoflakes (Fig. 4.5). 
 
Fig 4.4: Ethanol evaporation at T=23°C and 20%RH.  
Table 4.6: N and ethanol-VTR for CNF composite membranes (T=23°C and RH=20%). 
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4.4 Discussions 
The water vapor permeability of CNF membranes can be further decrease building a 
composite film with an inorganic layered structure. GO seems to partially achieve this goal, 
but the results are in average with other fillers used in previous works. The great potential of 
nano-flakes is that just a small amount is needed to cover a high surface and then making a 
more tortuous path for the water molecules along the film thickness. However it has been 
already discussed in Chapter 3 that GO has many structural defects: this means also that such 
nano-sheets can probably present holes in their structure and some of them can be big enough 
to leave the water passing through (so, also for the barrier properties could be taken in account 
the possibility to repair such defects for example by a methane plasma restoration). Thus, the 
problem is that perhaps also GO flakes are a bit permeable to water, but more impermeable 
than CNF since the hydrophilic carboxylic groups are mainly situated in their edges. This fact 
is well presented by higher contact angle of water drops over a GO layer, demonstrating that 
their surface is quite hydrophobic. So, future works for increasing the CNF barrier properties 
can consider also the possibility to make surface coatings of GO. Importantly, Fig. 4.1 shows 
that for more vigorous mixing of CNF-GO suspensions the water vapor permeability of the 
corresponding dried films seems to decrease. During the rheological and UV-VIS 
 
Fig 4.5: Ethanol thickness flux index for different CNF composites at T=23°C and 20%RH.  
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measurements it has been also seen a tendency for different mixing, and one hypothesis 
considered the breaking of the flakes as possible explication. The GO flakes are quite large 
(~25𝜇𝑚) and mechanically weak, so it is reasonable that high number and intensity of 
impacts with the mixer or with the container walls can break them in smaller pieces. Many 
small GO nano-sheets can better diffuse between the fibers into the suspension and their 
statistical distribution in the membrane thickness makes more difficult the passage of the 
water. Therefore, many small GO flakes can increase more the effective water path inside the 
film than few big flakes.  
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CONCLUSIONS 
Rheology interpretations of the achieved results suggest that CNF fibers are not 
completely rigid, but they can be considered as semiflexible polymeric chains and also 
the gel that their suspension form with the adding of calcium chloride can be considered 
as a polymeric gel. This semiflexibility is due by the contemporary presence of 
amorphous and crystalline regions into the fiber and they are also responsible of the 
global elastic behavior. Many interpretations and models of Chapter 3 were dedicated to the 
Young´s modulus, that is an important property, but also the elongation and stress at break are 
equally fundamental. For a possible packaging application the material should have a discrete 
deformability, in order to dissipate energy through plastic mechanisms. Sometimes for 
polymeric materials some plasticizers are added in order to reach an higher deformability. In 
general CNF-inorganic hybrids are really stiff, so it can be considered also the role of a 
possible third component in such composites, as can be the chitosan, a bio-polymer with high 
elongation at break.  In conclusion, it is crucial to find the right compromise between stiffness 
and deformability: CNF and inorganic fillers many times increase just the first one, with a 
loss in the second. Nanofibrillated cellulose hide in their selves the potential of good 
mechanical properties that can be exploited together with other inorganic/organic components 
in order to substitute petrochemical materials with same features and applications, but is vital 
to better understand the elastic and plastic mechanism of deformation and the phenomena the 
lead to the rupture (sliding of fibers, in which phase, amorphous or crystalline, there is more 
frequently the breaking). 
There are many parameter that influence the WVTR of CNF-inorganic layered films, but 
focusing the attention just on the nanometric flakes is important to consider: the level of 
hydrophobicity, the presence of structural defect, the dimensions of the sheets and their 
statistical orientation and distribution in the space (that depends by the degree of well 
dispersion in the suspension, which is related with the reciprocal interactions with fibers and 
medium).  The Calcium ions seem only slightly affect the water vapor barrier properties: the 
reasons of a slightly decreasing in the water permeability can be due by a low reduction of the 
membrane porosity or by a less hydrophilic fiber surface. 
A marginal part of the present thesis has been dedicated to the evaluation of the ethanol vapor 
barrier properties of CNF-GO composite membranes. If GO flakes are a bit permeable to 
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water they should be more impermeable for larger molecule such methanol or ethanol. This 
investigation has been conducted just for few samples, in order to have a qualitative idea 
about the effect of GO and reduced-GO on the organic barrier property. It seems that r-GO 
block better the ethanol molecules than GO, maybe because r-GO is more hydrophobic or 
there is some pore healing.  
The application of CNF membrane as organic or selective barrier is a hot-topic in the current 
researching effort, since such films could be a cheap, environmental friendly alternative for 
the membranes used today in PEM fuel cells. Such membranes have to limit the passage of 
reagents as methanol and water, and they have to show proton conductivity. In this regard the 
functionalization of carboxymethylated CNF can play a key role, showing possible 
applications also in other important fields and not only in the food packaging.     
The potential shown by these materials is not negligible, but their properties must be 
further improved and calibrated, in order to reach the standard for a massive diffusion in 
the common life. However, to center this task is necessary a collaboration between 
different “minds” and competencies, analyzing the material from different outlooks 
(chemical, physical, engineering points of view are different but they must be equally 
used in order to maximize all the different material performances). The CNF fiber must 
have the right functionalization in order to improve, for instance, the “relation” with 
other components or some particular features, but not less important is the 
comprehension of their “solid mechanics”, since a weak membrane is not useful. The 
present work has been collocated more under an engineering point of view, considering 
more the mechanic, rheological and barrier properties, typical and basic engineering 
instruments. 
One of the greatest challenges for the society of the next future is to collocate itself in a 
more sustainable culture, trying to minimize the consequences of the human habitudes 
and necessities on the natural mechanisms and equilibriums that govern the world. 
Petrochemical materials are everywhere, are cheap and reliable but they are not 
renewable. The effort of governments, companies and universities of the last years is 
projected towards a more sustainable tomorrow, investing a considerable amount of 
intellectual and economic resources on developing more green solutions. In this regard 
bio-materials could dominate the panorama, since they show enough potential to 
substitute in a near future some of the most common polymers.  
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Importantly, the properties of nanofibrillated cellulose composite membranes tested in 
this work show the prospective to reach many different applications, from the food 
packaging to the selective membranes used in fuel cells.  
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APPENDIX A 
A-1) Effects of mixing on CNF-GO UV-Vis spectra 
In order to examine the effect of mixing with another technique,  “Turrax” mixing has been 
applied at maximum power (13500rpm) for different times (0, 15, 30, 45 and 60 minutes) to a 
CNF-2,5%GO suspension, evaluating the different absorbance curves through the UV-VIS 
spectrometer (Fig. 2.4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the same graph is also reported the absorbance for a 2,3mg/ml CNF suspension mixed with 
vortex. Pure GO shows two absorption peaks: one at ~230𝑛𝑚 (peak 1) and another shoulder 
at ~300𝑛𝑚 (peak 2) (27). These peaks are registered also for CNF-GO suspensions. 
Moreover, as the mixing time increases, the absorbance curve shifts to higher values  
The Fig. 2.4 could mean that a vigorous mixing produces GO flakes with smaller dimensions, 
breaking them in several pieces. Many small GO flakes give an higher contribution to the 
scattered light than little big flakes: if the amount of scattered light increases, then the amount 
of total light received by the detector in the spectrometer decreases, and this can be observed 
as an inferior transmittance or an higher absorbance. Normally, the agglomeration of nano-
particles is accompanied by the opposite phenomena: a decreasing of the absorbance peak and 
the rising of a new shoulder (28).      
 
Fig. 2.4: UV-VIS absorbance for 2.3mg/ml NFC (pink curve) mixed with vortex and for NFC-
2,5%GO mixed with Turrax (13500rpm) at different times. 
 
 Peak 1 
Peak 2 
Increasing 
mixing time 
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A-2) Dynamic Light Scattering for rod shaped particles 
To determine the dimension and diffusivity of particles in suspension a common technique is 
DLS. When the particles are not spherical, different approaches can be used in order to 
interpret the data. A first common assumption, used often for proteins, is to consider the 
particles as sphere getting the so called “hydrodynamic diameter”. “The hydrodynamic 
diameter of a non-spherical particle is the diameter of a sphere that has the same 
translational diffusion speed as the particle…” (94). However, this is a valid approximation 
for objects which are on average in spherical shape, due to conformation changes and 
aggregation.  CNF fibers can show a more coiled conformation when they are “in motion” 
(during an oscillating test for example), but in the rest state they should remain in a more rod 
shape, since there are no fluid fields or hydrodynamic interactions that can flex them. 
Thus, another approach is to analyze the raw correlation data, but it is more complex to obtain 
quantitative informations. The digital correlator of the DLS system measures the intensity 
autocorrelation function: 
𝑔𝐼(𝑡) = 1 + 𝛽|𝑔𝐸(𝑡)|2 (A.1) 
𝛽 is a measure for the coherence of the optical setup and 𝑔𝐸(𝑡) is the electric field correlation 
function. Considering no interactions between particles and the approximation of infinite 
dilution: 
𝑔𝐸(𝑡) = exp (−𝐷𝑞2𝑡) (A.2) 
Where: 
𝑞 = 4𝜋𝑛𝑀
λ
𝑠𝑖𝑛
𝜃2 (A.3) 
 λ is the vacuum wavelength of the used radiation, 𝜃 is the scattering angle and 𝑛𝑀 is the 
refracting index of the medium. Experimentally, it is possible to fit the measured intensity 
correlation function to a cumulant expansion: ln[1/𝛽 × (𝑔𝐼(𝑡) − 1)] = 2 ln[𝑔𝐸(𝑡)] = −𝐾1𝑡 + (1/2)𝐾1𝑡2 − ⋯ (A.4) 
For a single diffusing sphere: 
𝐾12𝑞2 = 𝐷     and      𝐾2 = 0 (A.5) 
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Moreover, through the Stoke-Einstein equation it is possible to calculate the diameter d of a 
sphere inside a medium with viscosity 𝜂 (Eq. 1.21).  
In all the previous analysis the electroviscous effects, that characterize charged particles, are 
neglected. 
If the particle is not spherical but it has a rod shape just a numerical expression for the 
autocorrelation function is possible, from which the first cumulant can be easily derived (95): 
𝐾12𝑞2 = 𝐷 − ∆𝐷 �13 − 𝑓2 �𝑞𝐿2 �� + 𝐿212𝐷𝑟𝑓1 �𝑞𝐿2 �        and      𝐾2 ≠ 0 (A.7) 
Where:   
 𝑓1 �
𝑞𝐿
2
� and 𝑓2 �
𝑞𝐿
2
� are functions obtained numerically (96),  
 L is the particle length, 
  𝐷 = (1 3⁄ )𝐷‖ + (2 3⁄ )𝐷⊥ ,  
 ∆𝐷 = 𝐷‖ − 𝐷⊥ ,  
 𝐷‖ and 𝐷⊥ are respectively the translational diffusion coefficients parallel and 
perpendicular to the rod´s long axis, while 𝐷𝑟 is the rotational diffusivity. 
Considering: 
𝐷‖ = 𝑘𝐵𝑇2𝜋𝜂𝐿 �ln 𝐿𝑑 + 𝛾‖� 
𝐷⊥ = 𝑘𝐵𝑇4𝜋𝜂𝐿 �ln 𝐿𝑑 + 𝛾⊥� 
𝐿212𝐷𝑟 = 𝑘𝐵𝑇4𝜋𝜂𝐿 �ln 𝐿𝑑 + 𝛾𝑟� 
(A.8) 
 
It will be possible to get the length 𝐿 and the diameter 𝑑 of the rod (where 𝛾‖, 𝛾⊥ and 𝛾𝑟 are 
correcting factors). Analyzing DLS data of CNF suspension with different content in calcium 
it is possible to have just a qualitative picture of how look like the function for high calcium 
concentration: the degree of jelling is proportional to the decreasing of the autocorrelation 
function intercept (Fig. A.1). The determination of the fiber floc size due by low calcium 
concentration (Fig. 2.18, section §2.4.2) is not an easy task, since it is necessary to fit the 
correlation data with Eq. (A.7). 
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If the DLS technique is used for investigations of CNF suspensions, first of all it is necessary 
to work with high diluted systems trying to minimize the fibers interactions. However the 
CNF fibers still feel their mutual presence also at really low concentrations. 
In conclusion, the DLS scattering can be used for general qualitative investigations about 
systems containing fibers and crosslinkers, but for more precise evaluations (as the average 
dimensions and diffusivities of fiber flocs), it requires an effort that maybe can be avoided 
using other techniques.   
 
Fig. A.1: Autocorrelation function for CNF (NFC) suspensions with different calcium content. 
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APPENDIX B 
B-1) Engineering Curve 
This curve is obtained plotting the “engineering stress” against the “engineering strain”.   
The engineering stress is defined as: 
𝜎 = 𝐹
𝐴0
 (B.1) 
Where F is the applied load and 𝐴0 is the initial section area of the sample. The engineering 
strain is: 
𝜀 = ∆𝐿
𝐿0
= 𝐿𝑓 − 𝐿0
𝐿0
 (B.2) 
From these two engineering variables is possible to plot a curve that shows a maximum 
(Ultimate Tensile Strength) before the rupture (Fig. B.1). 
 
 
 
 
 
 
 
 
 
 
B-2) Continuum Mechanics in composite materials 
In the following we are going to consider the linear elastic behavior of a general material, 
going then in detail for the elastic analysis of an orthotropic material.  The generalized 
Hooke´s law relating stresses to strains can be written as: 
𝜎𝑖 = 𝐶𝑖𝑗𝜀𝑗                        𝑖, 𝑗 = 1, … ,6 (B.3) 
 
Rupture 
1 
2 UTS 
Yeld Stress 
Fig. B.1: Typical Engineering Curve for a general material. 
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Where 𝜎𝑖 are the stress components shown on a three-dimensional cube in x, y, and z 
coordinates in the stiffness matrix, and 𝜀𝑗 are the strain components. 
 
 
 
 
 
 
 
The extensional (2.6) and shear (2.7) trains are defined as: 
𝜀1 = 𝜕𝑢𝜕𝑥 ; 𝜀1 = 𝜕𝑣𝜕𝑥 ; 𝜀1 = 𝜕𝑤𝜕𝑥 ; (B.4)  
𝛾23 = 𝜕𝑣𝜕𝑧 + 𝜕𝑤𝜕𝑦 ; 𝛾31 = 𝜕𝑤𝜕𝑥 + 𝜕𝑢𝜕𝑧 ; 𝛾12 = 𝜕𝑢𝜕𝑦 + 𝜕𝑣𝜕𝑥 ; (B.5)  
Where u, v and w are displacements in the x, y, z directions or the 1, 2, 3 directions (Fig. 2.4). 
The general condition of stress state is descbribed by the vector: 
⎣
⎢
⎢
⎢
⎢
⎡
𝜎1
𝜎2
𝜎3
𝜏23
𝜏31
𝜏12⎦
⎥
⎥
⎥
⎥
⎤
 (B.6) 
 While for a deformation state the vector is: 
⎣
⎢
⎢
⎢
⎢
⎡
𝜀1
𝜀2
𝜀3
𝛾23
𝛾31
𝛾12⎦
⎥
⎥
⎥
⎥
⎤
 (B.7) 
The stress 𝜎𝑖 is the perpendicular force 𝐹𝑖 divided by the area 𝐴𝑖 on which this force is 
applied. A stress state leads to a deformation state and viceversa. It is valid: 
 Fig. B.2: General stress state. 
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𝜕2𝑊
𝜕𝜀𝑗𝜕𝜀𝑖
= 𝐶𝑗𝑖 (B.8) 
But the order of differentiation of W is immaterial, so: 
𝐶𝑗𝑖 = 𝐶𝑖𝑗 (B.9) 
Thus, the stiffness matrix is symmetric, so only 21 of the constants are independent. In a 
similar manner, it´s possible to show that: 
𝑊 = 12 𝑆𝑖𝑗𝜎𝑖𝜎𝑗 (B.10) 
Where 𝑆𝑖𝑗 is the compliance matrix defined by the inverse of the stress-strains relations, 
namely the strain-stress relations: 
𝜀𝑗 = 𝑆𝑖𝑗𝜎𝑗                        𝑖, 𝑗 = 1, … ,6 (B.11) 
Therefore:  
𝑆𝑗𝑖 = 𝑆𝑖𝑗 (B.12) 
This means that the compliance matrix is symmetric and hence has only 21 independent 
constants. So, with the reduction from 36 to 21 independent constants, the stress-strain 
relations are: 
 
⎣
⎢
⎢
⎢
⎢
⎡
𝜎1
𝜎2
𝜎3
𝜏23
𝜏31
𝜏12⎦
⎥
⎥
⎥
⎥
⎤ =
⎣
⎢
⎢
⎢
⎢
⎡
𝐶11 𝐶12 𝐶13
𝐶12 𝐶22 𝐶23
𝐶13 𝐶23 𝐶33
    𝐶14 𝐶15 𝐶16𝐶24 𝐶25 𝐶26
𝐶34 𝐶35 𝐶36
𝐶14 𝐶24 𝐶34
𝐶15 𝐶25 𝐶35
𝐶16 𝐶26 𝐶36
    𝐶44 𝐶44 𝐶46𝐶45 𝐶55 𝐶56
𝐶46 𝐶56 𝐶66⎦
⎥
⎥
⎥
⎥
⎤
⎣
⎢
⎢
⎢
⎢
⎡
𝜀1
𝜀2
𝜀3
𝛾23
𝛾31
𝛾12⎦
⎥
⎥
⎥
⎥
⎤
 (B.13) 
 
Actually this relation is referred to as characterizing “anisotropic” materials because there are 
no planes of symmetry for the material properties.  
If there is an infinite number of planes of material property symmetry, the material is called 
“isotropic” and the relations are simplified. 
Therefore many positions in the stiffness matrix are equal to zero: 
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⎣
⎢
⎢
⎢
⎢
⎡
𝜎1
𝜎2
𝜎3
𝜏23
𝜏31
𝜏12⎦
⎥
⎥
⎥
⎥
⎤ =
⎣
⎢
⎢
⎢
⎢
⎡
𝐶11
𝐶12
𝐶12000
𝐶12
𝐶11
𝐶12000
𝐶12 𝐶12 𝐶11000
000(𝐶11 − 𝐶12)/200
0000(𝐶11 − 𝐶12)/20
00000(𝐶11 − 𝐶12)/2⎦⎥⎥
⎥
⎥
⎤  
⎣
⎢
⎢
⎢
⎢
⎡
𝜀1
𝜀2
𝜀3
𝛾23
𝛾31
𝛾12⎦
⎥
⎥
⎥
⎥
⎤
 
 
(B.14) 
The same is of course valid also for the compliance matrix: 
⎣
⎢
⎢
⎢
⎢
⎡
𝜀1
𝜀2
𝜀3
𝛾23
𝛾31
𝛾12⎦
⎥
⎥
⎥
⎥
⎤ =
⎣
⎢
⎢
⎢
⎢
⎡
𝑆11
𝑆12
𝑆12000
𝑆12
𝑆11
𝑆12000
𝑆12 𝑆12 𝑆11000
0002(𝑆11 − 𝑆12)00
00002(𝑆11 − 𝑆12)0
000002(𝑆11 − 𝑆12)⎦⎥⎥
⎥
⎥
⎤  
⎣
⎢
⎢
⎢
⎢
⎡
𝜎1
𝜎2
𝜎3
𝜏23
𝜏31
𝜏12⎦
⎥
⎥
⎥
⎥
⎤
 (B.15) 
Continuum mechanics is used to describe deformation and stress in an orthotropic material. 
Normally the majority of composite materials are approximated as orthotropics materials. 
That is, the material has three mutually perpendicular planes of symmetry. The intersection of 
these three planes defines three axes that coincide with the fiber direction (1), the thickness 
direction (2) and an other one (3) perpendicolar to the other two. 
For an orthotropic material, the compliance matrix components in terms of the engineering 
constants are: 
�𝑆𝑖𝑗� =  
⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡     1
𝐸1
−
ν21
𝐸2
   − ν21
𝐸2
        0       0         0
−
ν12
𝐸1
    1
𝐸2
    − ν32
𝐸3
       0       0         0 − ν13𝐸1   − ν23𝐸2      1𝐸2        0        0         0       0         0           0      1
𝐺23
      0          0
       0         0           0          0       1𝐺31      0   0        0            0          0       0       1
𝐺12⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤
 (B.16) 
Where: 
 𝐸1, 𝐸2, 𝐸3 = Young´s (extension) moduli in the 1, 2, 3 directions; 
 ν𝑖𝑗 = Poisson´s ratio (extension-extension coupling coefficient), i.e., the negative of 
the transverse strain in the j-direction over the strain i-direction when stress is applied 
in the i-direction: 
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ν𝑖𝑗 = −𝜀𝑗𝜀𝑖 (B.17) 
for 𝜎𝑖 = 𝜎 and all other stresses are zero; 
 𝐺23, 𝐺31, 𝐺12 = shear moduli in the 2-3, 3-1, and 1-2 planes. 
These values can be determined sperimentally through tensile tests along the directions 1,2,3 
and permit to define the stress/strain state relation of an orthotropic material. The Young´s 
moduli, the Shear moduli and the Poisson´s ratio are foundamental properties of a material, 
and they characterise his mechanical behavior when a stress or deformation state is applied. 
Therefore, their unique determination permit to define the elastic response of the material. 
Normally the majority of materials has also a plastic component of deformation, that together 
with the elastic component define the total deformation that can result for an applied load. 
The elastic deformation can be always recovered when the material is un-loaded from the 
applied stress, on the contrary the plastic deformation is permanent. A material always 
exhibits first the elastic behavior and then the plastic one and in many applications it´s 
preferable to not cross the elastic limit (design the material in such a way that the stress 
applied during his life will not lead to a plastic deformation), as for example structural 
applications. If the elastic range is crossed we loose definetely shape and geometry, and the 
loads are redistribuited in other ways.  Other times, as in manifacturing processes, crossing 
the elastic range is necessary to form an artefact with the desired appearance. The matrix 
above is the “identity document” of a material elastic behavior, and its parameters are his 
distinctive signs.  
B-3) Nano-composite materials: a brief introduction 
The general definition of “composite material” is: two or more materials combined on a 
macroscopic scale to form a useful third material. The advantage of composite materials is 
that, if well designed, they can exhibit the best properties of their constituents. Some of the 
qualities that can be improved are: 
 Strenght 
 Stiffness 
 Weight 
 Corrosion resistence 
 Attractiveness  
 Fatigue life 
 Thermal insulation 
 Thermal conductivity 
 Temperature-dependent behavior 
 Acoustical insulation 
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However it´s impossible to improve all these properties in the same time, because some of 
them are in conflict. Therefore the right components must be selected in order to improve 
those properties that are more important for the recquired applications. 
Normally, we can define four types of composite materials: 
1. “Fibrous materials” that consist of fibers in a matrix; 
2. “Laminated composite materials” that consist of layers of various materials; 
3. “Particulate composite materials” that are composed of particles in a matrix; 
4. Combination of  some of the previous types. 
In the first and third case there are two majour phases: one is called matrix and the second one 
is the filler, that can be fibers or partcles. However,  it´s always possible to see at least other 
two phases: porosity (or inclusions) and the interface. The interface is the local volume of the 
matrix around the filler, that has been modiefied by the presence of the filler itself (the 
interface borns from the interaction between matrix and filler). 
The performances of the composite material depend by these four phases.  
If the filler starts to have a nanometric scale, the percentage of superficial atoms of the filler is 
considerably higher, so the interfacial region icreases quickly. Let´s consider a cross section 
of a simple composite material, made by spherical particles with the same dimensions inside a 
matrix: for the same amount of filler (in volume fraction over the total volume), in the case of 
nano-particles the interface volume is higher (Fig. B.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MATRIX 
FILLER 
 INTERFACE 
 
  
 
Fig. B.3: Composite materials with micro-particles (left) and nano-particles (right).  
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This phenomena is called “nanoeffect”, and small amount of nanofiller is enough to increase a 
lot the properties of the composite material. For example to guarantee comparable 
performances is enough the 5-6% in weight of nanofiller, instead using a percentage of 20% 
for normal microscale fillers. 
Nanomaterials are generally considered as the materials that have a characteristic dimension 
(grain size, layer thickness, diameter of cylindrical cross section) smaller than 100nm. The 
nanomaterials can be classified into three categories, based on different geometries: 
1. Nanoparticles: when the three dimensions have nanoscale magnitude (nanoparticles, 
nanogranules, nanocrystals); 
2. Nanotubes: when two dimensions are in the nanoscale, and the third one is larger 
(nanotubes, nanofibers, whiskers, nanorods); 
3. Nanolayers: when just one dimension is in the nanoscale (nanoplatelets, nanoclays, 
nanosheets, nanolayers). 
Compared to the normally used microcomposites, the nanocmoposites have extraordinaries 
physical and mechanical properties. We can attest the following advantages, using a 
nanoscale reinforcement: 
1. High density of particles per particle volume (106-108 particles/μm3); 
2. High interfacial area per volume of particles (103-104 m2/ml); 
3. Short distance between particles (10-50nm at 1-8 vol. %). 
In the last years carbon nanotubes and nanoplates are two kinds of nanoparticles that gained 
particular attention from the scientist´s community. 
 
B-4) Popular Micromechanical models for Young´s Modulus 
prediction 
In the literature are presented many models for the Young´s modulus prediction. Some of 
them are more elegant than others or more appropriated to model nano-composite than micro-
composite, taking in considerations different parameters.  
 
Voigt and Reuss models (V-R model) 
To describe the elastic modulus of a composite material made by parallel aligned fibers, it´s 
necessary to take in account that the the anysotropic fiber´s behavior will be reflected in the 
final properties of the composite material.  To calculate the Elastic modulus of the composite 
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material along the fiber direction, Voigt proposed the well known “rule of mixture” (the fibers 
are subjected, together with matrix, to the same uniform strain along the fiber direction): 
𝐸𝐴 = 𝑉𝑓𝐸𝑓 + (1 − 𝑉𝑓)𝐸𝑚 (B.18)  
Where 𝐸𝐴 is the Young´s modulus of the composite along the direction 1 (direction of the 
fibers), 𝐸𝑓 is the Axial Young´s modulus of the fibers, 𝐸𝑚 the Young´s modulus of the matrix 
and 𝑉𝑓 is the volume fraction of the fibers inside the material. 
Voigt designed the previous formula making some assumptions; if we consider the load (σ1) 
applied along the fiber direction (direction 1) the Voigt model is based on some restrictions: 
1. Continuous fibers; 
2. The fibers are parallel; 
3. Perfect linking between fibers and matrix: 𝜀𝑓 = 𝜀𝑚 = 𝜀1. That means that the strains 
of matrix and fibers are equal; 
4. ν𝑓 = ν𝑚; 
5. Fibers and matrix have a perfect elastic behaviour (Hooke´s Law). 
Therefore the model states that, fixed 𝐸𝑓 and 𝐸𝑚 (so choosen the two materials), the elastic 
modulus 𝐸𝐴 of the composite, increases linearly with the fiber volume fraction. 
Reuss estimate the Transversal Young´s modulus for a the same composite material analyzed 
by Voigt in the axial direction. In the Reuss model the load is applied in transversal direction 
(direction 2), and we have 𝜎𝑓 = 𝜎𝑚 = 𝜎2 (the other hypothesis of the Voigt model are still 
valid). Therefore: 
 
𝐸𝑇 = 𝐸𝑓𝐸𝑚𝐸𝑚𝑉𝑓 + 𝐸𝑓(1 − 𝑉𝑓) (B.19) 
 
Where 𝐸𝑇 is the Young´s modulus of the composite along the direction 2 (the transversal 
direction of the fibers), and 𝐸𝑚, 𝐸𝑓, 𝑉𝑓 are defined as in the Voigt model. 
However the Reuss and Voigt equations can be extended to any two-phase composites 
regardless the shape of the filler, and 𝐸𝐴 and 𝐸𝑇 represent the upper and lower bounds of the 
modulus of the composite, respectively. V-R model involves just three parameters. 
 
Halphin-Tsai Model (H-T model) 
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Considering aligned fiber reinforced composite materials, the H-T model proviede a semi-
empirical equations for the longitudinal and transverse moduli: 
 
𝐸𝐴 = 1 + 2( 𝑙𝑑)𝑉𝑓𝜂𝐴1 − 𝑉𝑓𝜂𝐴 𝐸𝑚 (B.20) 
𝐸𝑇 = 1 + 2( 𝑙𝑑)𝑉𝑓𝜂𝑇1 − 𝑉𝑓𝜂𝑇 𝐸𝑚 (B.21) 
 
Where l and d are the length and the diameter of the fiber and 𝜂𝐴 and 𝜂𝑇 are defined as: 
 
𝜂𝐴 = 𝐸𝑓−𝐸𝑚
𝐸𝑓 + 2( 𝑙𝑑)𝐸𝑚 (B.22) 
𝜂𝑇 = 𝐸𝑓−𝐸𝑚𝐸𝑓 + 2𝐸𝑚 (B.23) 
 
For aligned nanoplates we must replace in the previous equations the value (l/d) with (D/t), 
where D and t are respectively the diameter and the thickness of the platelet.  
H-T model takes the consideration of the fiber geometry and has five independent parameter. 
 
Other models 
Other models often used are the Wang-Pyrz model (W-P model) and the Cox model (Shear 
lag model), but for our study the model previously mentioned are enough. 
Anyway in modeling mechanical properties of nanocomposites there are two main 
approaches: the molecular dynamics simulation using direct methods and the other is finite 
element simulation using “continuum” methods. 
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